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Abstract

Human papillomavirus (HPV) infection of mucosal epithelium by ‘high-risk’
HPV types has a prominent role in the development of anogenital intraepithelial
neoplasias and carcinomas. Human epithelial cells transformed with the HPV E6
oncoprotein survive even under conditions that normally lead to cell apoptosis. This
phenomenon has been attributed to HPV E6’s ability to promote the degradation of
the tumor suppressor protein p53. More recently, it has been demonstrated that HPV
E6 contributes to activation of the NdB pathway. NF«B is a transcription factor
involved in the regulation of genes associated with cellular proliferation, apoptosis
and inflammatory responses. In addition to p53 suppression, HPV E6 modulation of
NF-kB activation presents another mechanism for HPV-driven tumorigenesis.
However, it was not known how HPV E6 promotes dB-pathway activation. To
address how HPV E6 leads to kB-activation, we identified an association
between HPV E6 and the human cylindromatosis gene product (CYLD). CYLD is an
endogenous inhibitor of canonical MB- activation. We showed that HPV E6
proteins could precipitate CYLD vitro using a co-immunoprecipitation assay.
Demonstrating that HPV E6 and CYLD proteins bind each other raised the
possibility that this binding relationship would have a functional effect upon the NF-
kB pathway by altering CYLD-mediated suppression ofdfFactivation. To
identify HPV E6 functional relationship with CYLD and to determine how HPV E6

activates the NkB pathway, we transfected cells with either HPV E6 expression



vectors containing the high-risk HPV type 16 E6 or the low-risk HPV type 11 E6
along with a CYLD expression vector. We showed HPV16 E6 expression in 293
cells blocked the ability of CYLD to inhibit CD40 ligand-stimulated &&-

activation. Interestingly, HPV11 E6 was unable to inhibit CYLD mediated
suppression of NkB in our system. CYLD had previously been shown to suppress
NF-kB activation by removing stimulatory lysine 63-linked ubiquitin chains from
TRAF2. We found CYLD expression in 293 cells leads to dose-dependent reduction
in TRAF2 levels. This CYLD-mediated loss of TRAF2 is inhibited by co-expassi

of high-, but not low-risk E6 proteins. It was known that CYLD phosphorylation
vivo suppresses CYLD deubiquitination actions of canonical pathway proteins; we
therefore tested the extent of CYLD phosphorylation when co-expressed with HPV
E6, and discovered that CYLD phosphorylation was increased in the presence of
HPV EG6. This compilation of experiments suggests that with HPV16 E6 binding to
CYLD, the EG6 protein blocks CYLD-mediated TRAF2 loss and thereby TRAF2 is
available to activate the canonical NB-pathway. Blocking HPV E6-mediated NF-
kB activation may prove beneficial as a means for designing therapi@shtitet
HPV-mediated tumorigenesis. The differences we detected between HPVad E6 a
HPV16 EG6 are supported by other studies that showed E6 protein variations account
for molecular and clinical differences among HPV infection outcomes. 8inil

there exist intratype E6 variations in HPV16. We obtained cervical specinoems f
patients with cytopathogenic changes consistent with the onset of cervicalsiyspl

infected with HPV16 E6 and the human immunodeficiency virus. We hypothesized



the immunocompromised individual may harbor unique HPV16 E6 variants. Using
PCR detection methods to amplify the HPV16 E6 DNA and sequencing technology,
we identified that some of the samples indeed had nucleotide polymorphisms,
resulting in amino acid sequence changes. However, the HPV EG6 variants we
detected were previously described, and can be classified into known geographic
HPV clades. Some of the HPV E6 variants we observed are suggested to be

associated with progression to cervical cancer, but further evaluatiomiseckq
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I. Introduction of Human Papillomavirus

Historical overview of human papillomavirus

The wart, a benign growth of epithelial tissue, has been noted in medical
related literature for centuries, with physicians such as Hippocrdtesde
condyloma acuminatum as pointed round swelling around the anogenital region and
Celsius identifying three types of skin warts in his De Medicina of 25AD. Itatee
nineteenth century and early twentieth century, scientist J.F Payndiédithte
infectious nature of common waresnd G. Ciuffo observed papilloma lesions
resulting from the inoculation of wart tissue into skin suggesting the traniititgsi
of papilloma agents (reviewed3p But it was not until the 1960’s and 1970’s that
the explosion of research broadened the understanding and impact of human
papillomavirus (HPV) related diseases. Around 1975, Harold zur Hausen made the
claim for HPV being a plausible cause of cervical cahc¥iral particles were
detected in vulva wartsind cervical condylomatous lesidmsd laryngeal
papilloma$ , contributing to similar observations made by others such as Dunn and
Ogilvie” , suggesting a viral pathogen in human warts. Koilocytotic cells were
described in flat epithelial lesions and hypothesized to be the initial matidestof
dysplasia caused by HBVThis hypothesis was validated when the koilocytes in pre-
neoplasic cervical lesionand koilocytes in invasive cervical carivegre shown to
contain HPV viral particles. Harold zur Hausen was awarded the Nobel Prize in

Medicine in 2008 for his contribution to the current understanding of HPV disease.



HPV Virology

Papillomaviruses, dPapillomaviridae, are a family of viruses that infect
many members of the animal kingdom, including humans, monkeys, horses, cattle,
deer, rabbits, dogs, and mi€eDespite a broad phylogenic distribution,
papillomaviruses are host specific and will not infect across species. Théhatus
infects humans, HPV, is a non-enveloped, icosahedral, circular double-stranded
DNA virus that invades epithelial cells (Fig. I-1 and Fig. :2This virus is
relatively small, containing a genome of approximately eight kilobaseg.ndp
eight identified open reading frames encoding six early genes: E1, E2, E4, E5, E6,
E7 and two late genes: L1 and L2 (Table I-1). The early genes encodagrote
important for viral replication and cellular transformation. Early product pretie
detected in proliferating areas of HPV-induced lesions. Late genesarasteuttural
proteins, and are detected in differentiating parts of the epithelium where preduct
viral DNA replication occurs.

The E1 and E2 viral proteins are involved in viral genome replicatiga is
a 3'to 5’ DNA helicase with sequence similarities with the well studiméhs virus
40 (SV40) large TAg and the parvovirus helicase NS1. E1 is also involved in
recruiting host cellular replication proteins to the viral origin of repbca The E2
protein is a transcriptionélans-modulator that contains an amino terminal trans-

activation domain, a poorly conversed hinge domain and a DNA binding carboxyl-



terminal domain. E2 is involved in recruiting E1 protein to the viral replication
origin to promote origin-dependent viral DNA replication. E2 also interacts with
several host cell transcription factors, including Spl and TBP. The E4 protein is
believed to promote viral release from host cell by disrupting the cytokeratin
network*. The E5 protein is a membrane bound protein that enhances cellular
growth by interacting with the epidermal growth factor receptoEs and E7 are
the viral oncoproteins responsible for virus-induced cell transformation.

Over 120 different types of HPV have been cloned and sequenced. HPV
typing is based on homology of L1, E6 and LCR sequences, rather than on serology,
because HPV capsid proteins are highly conserved. Generally, differentypé®/ t
have less than ninety percent homology. HPV types are rigidly epitheliotropic,
meaning a particular HPV type will only infect keratinocytes of eithé&areeous or
mucosal epithelium. Cutaneous HPV infections may be manifested as ptiokifera
lesions, commonly known as waftsHPV types that infect mucosal epithelial cells,
such as cells found in the lower regions of the anogenital tract, and the upper
respiratory tract, are subdivided into ‘low-risk’ and ‘high-risk’ categobased upon
oncogenic potential. DNA from low-risk HPV types (such as types 6 and 11) are
commonly found in benign lesions of the anogenital tract (genital warts) and
laryngeal papillomas. High-risk types (including types 16 and 18) are ele¢tect
anogenital malignanci&s®® including cervical intraepithelial neoplaSiasquamous

cell carcinom&’, cervical carcinomd and adenocarcinortfa



Figurel-1. Electron micrograph image of HPV showing virion morphology.
Electron microscopy was used by J.D. Oriel and June D. Almeida to show viral

particles in vulval warts.
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Figurel-2. Schematic representation of the HPV genome. Depicted is the HPV16
genome, a circular double strand DNA molecule. The open reading frames are
shown as darkened fragments. LCR is the long control. The LCR contains the major

early promoter, enhancer sequences, and the origin of replication.
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Tablel-1. The HPV genesand the function of their gene products. HPV has six
early (E) and two late (L) genes. The E regions encode non-structurahprokale

the L regions encode structural proteins.



Protein Function

HPV gene

El

3’'to 5’ DNA helicase. Sequence similarities with SV40 large TA
and the parvovirus helicase. Required for HPV replication. Bing
the p68 subunit of DNA polymerase

E2

Transcriptionalrans-modulator. Binds DNA at a specific
palindromic sequence present in several places within and outs
of the HPVORI. Recruits E1 protein for origin-dependent viral
DNA replication. Interacts w/several host cell transcription factg
(including Sp1, TBP). Contains an amino terminal trans-activat
domain, hinge and carboxyl-terminal DNA binding domain.

\g

Is

side

rs
on

E4

Late expression protein. May induce collapse of cytokeratin
network, potentially to enhance virion release. Only moderately
conserved among HPV types.

ES

Viral oncoprotein. An 84 amino acid, hydrophobic, membrane
associated protein. DNA sequence not well conserved among
types and animal PVs. Appears to up-regulate the activity of
cellular growth factor receptors.

HPV

E6

Viral oncoprotein. Inhibits host cell apoptosis by binding |
tumor suppressor cell p53. The E6:p53 complex targets the
protein for ubiquitin pathway-mediated degradation.

nost
> pS3

E7

Oncoprotein that binds to host cell pRb family tumor suppressc
leading to the release of sequestered E2F transcription factor
resulting in the movement of the host cell through G1/S transiti
and reentry into cell cycle.

I'S,

olf|

Late protein 1

Major capsid protein.

Late protein 2

Minor capsid protein.




HPV Lifecycle

HPV enters the body through micro-lesions caused by minor trauma such as
occurs with sexual intercourse, or through skin abrasion breaking through the
epidermis. Upon entrance, HPV infects basal epithelial cells. The hostirdates
receptor for HPV is unknown; however, the integrin alpha-six beta-four protein
complex, expressed during lesion repair, is a potential cantfiddfV can undergo
nonproductive and productive replication phases. Once an infection is established in
the host basal keratinocytes, it is predicted that HPV nonproductive replication
maintains a copy number of 50-100 genomes per host progefiy ¢ei$ also
predicted that nonproductive replication continues the source of HPV episomes
within non-differentiating basal epithelial cells that are undergoamgyralled cell
division. HPV viral proteins appear not to be essential for nonproductive replication,

according to work completed by Angeledtial*°

. These investigators discovered that
the human papillomavirus full-length type 16 (HPV16) genome, when linked in
to a selectable yeast marker gene, could replicate stably as aneepisom
Saccharomyces cerevisiae without the supplement of any HPV proteins, including
the viral E1 protein (termed El-independent replicaffon)

During normal keratinocyte division, one daughter cell is retained in the basal
layer and the other will exit the basal layer to move up through the epideyeral la
and undergo terminal squamous differentiation to become a mature skin cell. In HPV

infected cells, differentiation coincides with explosive HPV productive viral

replication. The daughter cell designated to become a mature skin cell wslergo
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differentiation and abandons cell division, posing a potential problem for HPV in the
differentiating cell. Terminally differentiated squamous cells not urdeggcell

division stop synthesis of DNA replication proteins, thereby setting up conditions
which do not support HPV viral replication. The virus overcomes this dilemma by
using viral proteins to stimulate a G1 to S phase cell-cycle transition in higst cel
allowing initiation of productive viral amplification. In the replicationieet
differentiating keratinocyte, productive HPV DNA replication results in the
exponential synthesis of HPV DNA and capsid proteins. Thus, keratinocyte
differentiation is absolutely required for successful completion of HP\és\ldie.

The newly synthesized viral DNA is assembled into progeny virions and the
infectious virion-containing cells are sloughed off from the skin surfacengican

be transmitted directly to other individuals. While close physical persongorper
contact is the dominant mode of transmission for adults, transmission from mother to

child during vaginal birth has been reporiretaryngeal papillomatosis casés

Clinical relevance of HPV

Although warts have been recognized as a human problem since ancient
times; and while HPV infections in skin, such as the common wariuta
vulgaris), flat warts and plantar warts are the most widely recognizable
manifestations, warts are not generally associated with major hiskkh{with
exceptions among the immunocompromised were in rare cases epidermodysplasi

verruciformis has been reported). HPV is a globally prevalent infectioeiasgis
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with upwards of 75% of the reproductive-age population infected with sexually
transmitted HPY”. Mucosotropic (infecting mucus lined epithelium of the penis,
vagina, anus, and oral and respiratory tract) HPV types, of the low-riskrhgsts
commonly result in anogenital warto(dyloma accuminata). Although these
lesions rarely progress into malignancies, the symptoms of low-risk HPa&dise
including pain, discomfort and stress related to avoidance of closeness, can cause
distress in patients. Recurrent respiratory papillomatosis (persatemngéal
papillomas) can occur in children infected during vaginal birth or by adults exggagi
in oral sex. Papilloma masses can grow to block airway passages, |ead@ajit by
suffocation. Thus, repeated surgeries are often needed to remove the papillomas.

Infection with high-risk HPV types is more daunting because in a small
percentage of cases, infection can persist and progress towards highygpdsias
and carcinomas, most notably cervical, penile and anal cancers. This malignant
progression of HPV infection can occur because high-risk HPVs are generally
successful at evading clearance by the immune system. HPV infectioresn
latent for years. Reactivation can occur.

The mucosal epithelium of both sexes is susceptible to HPV infection. The
female cervix contains a transitional area located between the squastibabien
of the exocervix and the columnar epithelium of the endocervical canal, known as
the transformation zone. The transformation zone contains immature, metaplastic
and hormonally responsive cells, making this region highly susceptible to HPV and

to production of malignant ceffs Persistent cervical infection with certain types of

12



HPV is the single most important risk factor for cervical carcinoma. Bitiigiang

HPV DNA in samples from women from over twenty different countries, it is
extrapolated that the prevalence of HPV DNA in cervical cancers woedwid
approximately 99.7%% HPV types 16, 18, 31, 33 and 45 have been detected in 63-
97% of invasive cervical carcinomas, with HPV 16 and 18 being the most widely
detected?”.

Cervical intraepithelial neoplasia (CIN) characterizes the hismdbghanges
that occur to the cervix as a result of HPV disease progress. CIN is diagnosed using
biopsies of tissue obtained during a colposcopy. CIN is recognized by disturbances
of cellular maturation, stratification and cytological atypia (Fig). k3 CIN, grades
range from 1-3, with grade 3 being characterized as a population of cellsrgéh la
hyperchromatic, rather pleomorphic nuclei and very little cytoplasm occufhgng
full thickness of the epithelium. It is estimated that over 50% of CIN 1 lesidhs wi
regress spontaneously, as well as 40% of CIN Il le§iofiseatment for CIN
includes removal of abnormal cells. Although it is unlikely that even CiNgibhs
will advance to carcinoma, in total nearly 400,000 new cases of invasive cervical
cancer are diagnosed worldwide each year, and approximately 11,000 new cases i
the United States. Cervical cancer claims the lives of nearly 4000 mothers, wive
daughters and sisters in American each?3/&ar

Central and South America, Africa and the Caribbean are areas of icrease
cervical cancer risk. Within the United States, there are higher incidences of

cervical cancer in African-Americans and Hispanics women when compated wi

13



their Caucasian counterparts. Black women had 57% five year survival rates
compared to 71% five year survival rates for white wothéfrhe current hypothesis

relates this disparity to socioeconomic dissimilarities.

14



Figurel-3. Cervical intraepithelial neoplasia staging. Histological changes occur

to the squamous cells of the cervix during the progression of dysplasia. Pictured is
epithelial cells from normal to CIN | through CIN Ill. Image provided cesytof

Talaat S. Tadros MD, Emory University School of Medicine (adapted from Robbins

Pathologic Basis of Diseasé Edition, pg10051).
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HPV treatment and prevention

The cost burden estimates associated with genital HPV infections in the US
suggest an annual expense as high as $6 billion dollars, making genital HPV the
second most costly STD after HIV infectionTreatment regimens for cervical
cancer include surgery, radiation therapy, and chemotherapy. A concern faced by
health officials is that the majority of HPV infections are frequently exiss
physical exams because HPV infection is usually asymptomatic and is only
detectable by the use of HPV DNA detection f&stdse of regular Papanicolaou
tests (Pap smears) has drastically improved detection of HPV asdatis¢ases.
Increasingly, identification of an abnormal Pap smears results in the ordéang
HPV DNA test by clinicians.

Developing antiviral drugs for treatment of HPV has posed a challengg. Dr
candidates that claim to inhibit some DNA/RNA viruses have emerged, but none of
these candidates have been highly successful againsEHR¢ently, two HPV
vaccines have been developed that show high promise of reducing the prevalence of
genital warts, cervical dysplasia and cervical cancer in previously uradfect
individuals.Gardasil, a quadrivalent vaccine (containing antigen from HPV 16, 18,

6, and 11) manufactured by Merck has received FDA approval and is available in the
US. A second bivalent vaccine containing HPV 16 and 18 antigens has been
developed by GlaxoSmithKline. Both are recommended for females before the onset

of sexual activity.
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HPV Oncogenesis

HPV DNA is normally maintained as a separate episome within the host cell.
However, during a process currently not well characterized, viral DNAntagrate
into the host cell DNA. Although the site of integration within the human genome
appears to be random, E1 or the E2 coding sequences are generally disttipted
In the intact genome, the E2 gene product normally suppresses E6 and E7
expression; however, disruption of E2 expression results in constitutive expression of
E6 and E7. The E6 and E7 of high-risk HPV types working in concert are adequate
for the transformation and immortalization of keratinocit&s Along with E5, E6
and E7 proteins function to effectively offset cellular immune system danes
and block apoptotic signals.

The HPV E7 proteins of high-risk HPV types contribute to cell
transformation through HPV E7 involvement with cellular growth and proliferation
control. An early identified target of HPV E7 is the retinoblastoma tumor sigopres
protein (Rb) and related proteins p107 and p43the pRb protein functions as a
cell cycle regulator by controlling the G1 to S transition. In HPV unietécells not
actively proliferating, hypophosphorylated Rb is complexed with histone deasetyla
to bind the E2F family of transcription factors (E2F1 through E2F5) preventing thei
stimulatory growth effects by halting G1/S transition of the cell cydiRv E7
preferentially binds to the hypophosphorylated Rb/histone deacetylase complex, and
by doing so, displaces pRb bound E2F. Ultimately, the E7/Rb interaction leads to

proteasome-mediated degradation of pR{Fig. I-4a). Cyclin A and cyclin E, which

18



activate cdk2, are two genes transcriptionally up-regulated by the unbound E2F.
Cyclin E/cdk2 is essential to S phase entry and cyclin A/cdk2 promotes the S phase
to M phase transition. Thus, the release of E2F allows for cdk independent cell cycle
progression, resulting in cellular proliferati8fi’. HPV E7 proteins also directly

bind additional proteins involved in cell cycle, such as the cyclin A &htfE
cyclin-dependent kinase inhibitor g2 proteiri®*4 and protein phosphatase 2A
(PP2AJ° “® PP2A interacts with protein kinase P (PKB) or Akt. Sequestering of
PP2A by HPV E7 interrupts this interaction allowing for anti-apoptoticadiiggm by
PKB/Akt™.

The customary cellular response mechanism to abnormal proliferation
(outside of normal physiological and signal-dependent means), and other exogenous
and endogenous cellular stressors is the up-regulation of pro-apoptotic, factors
including the tumor suppressor protein p53. HPV E6 has been shown to inhibit
apoptosis by p53 and other pro-apoptotic factors such as Bak and Myc. HPV E6
forms a complex with the cellular ubiquitination enzyme E6 associated protein
(E6AP), and this E6/E6AP complex functions as an ubiquitin ligase to facilitate p53,
Bak and Myc proteasome degradation (Fig. I-4b). A normal p53 half-life of several
hours in keratinocytes is reduced to less than 20 minutes in the presence of HPV
E6'*®

The difference between high-risk and low-risk HPV types ability to

effectively transform keratinocytes may be attributed to propertiesgthen
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oncogenic proteins in part. Low-risk HPV E7 proteins have been shown to bind Rb
with lower efficiency and HPV-1 E7 was unable to induce Rb degradatfon

Similar to the difference observed between high-risk and low-risk E7 types,
low-risk HPV E6 proteins are unable to drive proteasomal degradation 9f p53
Tumor necrosis factor (TNF)-related apoptosis inducing ligand (TRAIL)-aedli
apoptosi¥, TNF-mediated apoptosisand Fas-mediated apoptdSisave all been
shown to be blocked by high-risk HPV E6 interaction with accessory proteins within
these signaling pathways.

High-risk HPV EB6, but not low-risk HPV EG6, has also been demonstrated to
effectively bind and hinder co-activators of various transcription factats a
transcription accessory proteins, such as p300 and CPB, each of which is involved in
cell cycle progression and growthHPV16 E6 can alter transcription factors
directly as seen in HPVESG inducing consensus site binding by the transcriptanm fact
NF-«xB®,

Additionally, high-risk HPV EG6 proteins contain at their C termini a PDZ
binding domaif’. A number of various proteins containing the PDZ domain are
bound by high-risk HPV EB6. This interaction between high-risk HPV E6 and PDZ
domain containing proteins lead to targeted degradation of the bound proteins. PDZ
motif-containing proteins generally have roles in sustaining signalingdu&ing
multi-protein complexes, as well as preserving intercellular junctions.

This research seeks to further the field by building upon previous

investigations aimed at identifying the multiple transformative propgesfithe HPV

20



oncogenic E6 protein. We identified unique properties of the HPV16 EG6 protein: the
ability to associate with the familial cylindromatosis tumor-supprg$36LD), a
recognized inhibitor of NkeB activation; the ability to inhibit CYLD-mediated
suppression of NkB; and the ability to inhibit CYLD-mediated loss of TRAF2.

The HPV16 E6 and CYLD association culminates in modulation of CYLD-induced

NF-xB suppression.
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Figurel-4. Classical biochemical actions of HPV oncogenic proteins E7 and E6.
(A) HPV E7 protein binds pRb promoting E2F-mediated cell cycle progresd&@n.
HPV EB6 protein binds E6AP and p53, promoting p53-mediated degradation resulting

in suppression of apoptosis.
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Summary

The clinical manifestations of human papillomavirus range from the
unsightly and bothersome warts to fatal malignancies, most notably ¢eancer.
HPV lacks the proteins necessary to complete viral replication independahtly a
must commandeer host cellular proteins to complete its lifecycle. Vinahge
integration can occur during the course of persistent HPV infection. Integrati
frequently triggers continuous expression of viral E7 and E6 proteins in cells,
resulting in the disruption of the normal cellular proliferation, cell diffeagionh and
apoptosis. HPV is a very efficient virus, and mediates alterations in a number of
normal cellular processes because each of the two oncogenic proteins has multipl
responsibilities in HPV-driven tumorigenesis. Over time, with the accumulation of
additional mutations, persistent infection of high-risk HPV type can culminate in

invasive carcinomas and metastatic cancers.
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Il. NF-xB Background

Introduction

HPV EG6 expression in keratinocytes promotes nuclear faBt¢NF-kB)
activation, an observation that complements the known ability of HPV types to
induce malignant transformation of cervical epithelium and HPV E6-indudied ce
immortalization. Though the mechanisms prompting increasedBN&ectivation in
the presence of HPV E6 have not been thoroughly investigated, we have shown an
association between HPV E6 and a suppressor of the canonical pathway«Br NF-
activation, the cylindromatosis gene product (CYLD), in an effort to elucidate the

HPV E6 and NF«B relationship

Clinical significance of NF-xB

Many studies have shown NEB to be a tightly regulated transcription
factor, capable of regulating multiple gene products involved in innate immunity,
adaptive immunity and inflammation. Additionally, NdB- transcriptional activation
is associated with up-regulation of genes associated with cellular imngrat
proliferation and cell survival. Due to the nature of these gene classegulgtion
of NF-«B can lead to NkeB-mediated alterations of important normal cellular
processes, leading to destructive inflammatory states, autoimmune disodiers a

various other diseases.
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NF-xB-mediated cell proliferation is controlled by activation of target genes
such as interleukin-2, granulocyte macrophage stimulating factor and CR4Q.lig
Increased transcription of these genes results in protein products that promate grow
of predominately myeloid and lymphoid cells. Kagiral. demonstrated that thd3
site within cyclin D1 contributes to NEB dependent cyclin D1 induction during
pregnancy resulting in mammary epithelial cell grafith

Because NFReB pathway dysregulation is associated with increased
expression of pro-inflammatory and anti-apoptotic genesgBIBysregulation has
been identified in multiple malignancies. Indeed, ®B-is constitutively active in
several cancer types, including some gastric cancers, coloreatalsameast
cancers, leukemias, lymphomas and carcindiasr example, Hodgkin's
lymphoma growth arrest was observed whendBrwas blocke®. NF«B
modulates a significant number of genes, resulting in differential expnesisgenes
between normal keratinocytes and transformed or metastatic squamous cell
carcinoma¥.. Inhibition of NF«B in head and neck squamous cell carcinomas
decreased tumor proliferatitfn Additionally, tumor resistance to anti-cancer drugs
and ionizing radiation is associated with constitutive expression afB\NF-

Many inflammatory diseases, including rheumatoid arthritis, inflammator
bowel disease, multiple sclerosis, and asthma are associated with higlofeNEl
kB activity®®. Similarly, in the development of the blood vessels disorder

atherosclerosis, invasion of low-density lipoprotein into blood vessel walls is
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associated with the activation of NdB and transcription of inflammatory factors
promoting fatty plaque formatih

Several viruses and their viral transforming gene products interdchivi
kB pathway members, and activate NB-responsive elements. The human T-cell
leukemia virus-1 tax protein directly interacts with an inhibitor that normally
prevents NF<B from moving into the nuclefs Herpes simplex virus-1 activates
NF-kB during early infection and uses NB- to support viral replicatidti®”°®
Similarly, simian virus 40 large T antigen protein and adenovirus E1A all have been

shown to stimulate transcription of NdB responsive genes.

NF-kB isafamily of proteins

NF-kB, first identified in the laboratory of Nobel laureate David Baltimore, is
a protein complex that functions as a primary transcription factor. Five mewfber
the mammalian NkeB family currently have been identified. The first class,
consisting of RelA (also known as p65), RelB and c-Rel are synthesized as full-
length functional proteins (Table 1l-1). The second class includesB\F-
(sometimes designated as p50 or the precursor p105) ar8ASometimes
designated as p52 or the precursor p100). Selective proteolytic processing of c-
terminal regions of the p105 and p100 large precursor proteins results in mature p52
and p50 proteins, respectivély{Table II-1). The NF<B family members all share

a well-conserved REL (reticulo endotheliosis) homology domain (RHD) at the
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amino terminus. The RHD is a region of about 300 amino acids resembling two
immunoglobulin-like domains connected by a flexible linker region. This region is
reported to contain the dimerization and nuclear-localization sequence, as thell a
DNA-binding and kB protein-binding domains. The carboxyl terminal contains
ankyrin repeats that mediate protein-protein interactions.

The primary activated complex of NéB that translocates into the nucleus
exists as a heterodimer comprised of RelA coupled with p50 or p52. EagkB NF-
family member except RelB can form homodimers. Several heterodimer
combinations have also been identified. The processing afBdFand NF«B2 into
p50 and p52 results in the loss of transcription activation ability, so functional
p50/p52 heterodimers do not exist.

NF-xB, maintained in the cytoplasm of cells, is generally noted as being
ubiquitously expressed in multiple cell types; however, RelB is believed to be
constrained to regions within the thymus, lymph nodes and Peyer’s patches, while c-
Rel is thought to be limited to lymphoid and hematopoietic cells. DNA binding
affinities and ability to activate transcription vary among the differénkR dimer
combinations. The RelA and p50 complex exhibit high binding affinity for the DNA
consensus 5-GGGPuUNNPyPyCC- 3’, where Pu is a purine, N is any base, and Py is

a pyrimidiné*"?
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Tablell-1. NF-xB family members. Class | NF«B family members are
synthesized in their mature enzymatically active form. Class {kBlfamily

members require proteolytic processing to become the transcriptionalky facm.
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Proteolytic
processing

Cytoplasmic form

Function

Class |

RelA (p65)

not required

complexed with IxB

p65 complexes with p50. This
dimer pair represents the
classical and most studied NF-kB
protein. p65/p50 NF-kB is
regulated by the canonical
pathway.

RelB

not required

complexed with p100

RelB complexes with p52. This
dimer pair is activated by the
alternative/non-canonical
pathway.

c-Rel

not required

complexed with IxB

Observed in haematopoietic cells
and lymphocytes.

Class Il

NF-kB1 (p105)

yes, into p50

complexed with p65

Functions as a repressor until
processed into p50. Lack
transcription activation domain.

NF-kB2 (p100)

yes, into p52

complexed with RelB

Functions as a repressor until
processed into p52. Lack
transcription activation domain.
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NF-kB pathway signaling

A number of biological triggers have been identified that lead to downstream
activation and translocation of the transcription factord-including the bacterial
component lipopolysaccharide, lymphotogifa, and exposure to proinflammatory
cytokines such as tumor-necrosis factor (TNE)Aterleukin 1 (IL-1) and CD40
ligand (CD40L). Two unique pathways leading to release of distinatBIBimers
have been noted. The classical, or canonical, pathway leads to release of RelA/p50
heterodimers while the non-canonical pathway leads to the release of prettymina
RelB/p52.

Canonical pathway activation is initiated with ligand such as @&NifRd
CD40L binding to toll-like receptors (TLR), TNF receptor (TNFR) and T-cell
receptors. TNFRs lack enzymatic activity and use TNF-assocetaatd (TRAFS)
directly and indirectly to start signal transduction.

Inactive TRAF proteins are first phosphorylated. Phosphorylation of TRAF
proteins mediates TRAF protein ubiquitination. It is predicted that TRAF psotei
are lysine 63 poly-ubiquitinated within the ring finger domain of the TRAF
proteing®. Ubiquitinated TRAF proteins are active and act upon the downstream
protein complexdB kinase (IKK). Multiple models have been made as to how the
subunits of the IKK complex interact with TRAF proteins to become a functional
complex and how TRAF proteins contribute to IKK complex activation.

NF-kB is sequestered in the cytoplasm by a non-covalent association with

IxB. IkB bound to NF«B veils the nuclear localization sequence positioned within
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the RHD of NF«B. An exposed nuclear localization sequence is required faeBNF-
shuttling into the cell nucleus. ThugB serves as a regulatory protein by
maintaining NF«B in the cytoplasf.

An active IKK complex promotes phosphorylation-induced poly-
ubiquitination of kB. Briefly, active IKK complex facilitates the phosphorylation of
lxB at serines 32 and 36 irB-a. and serines 19 and 23 iB-p’°. Phosphorylated
IxB is recognized and poly-ubiquitinated at lysines 21 and 22 by the Skp1-Cullin-F-
box (SCF)B-transducin repeat containing proteflar [RCP) (SCE™RH). SCE™RPis
a type E3 ubiquitin-protein ligase that mediates ubiquitinatiorBfdading to its
degradation by the 26S proteasdfn€.

Newly ubiquitinatedkB releases NkB; the kB is degraded. Unbound NF-
kB now has the nuclear-localization sequence exposed. Exposure of the nuclear-
localization sequence allows for translocation of @B-into the cell nucleus.

Once inside the nucleus, NdB functions as a transcription factor, and
promotes the transcription of a host of genes, especially genes contadiimgatif.

ThexB motif is a nine to ten base pair DNA sequence recognized byBNF-

32



Figurell-1. Classical NF-kB pathway. Depiction of the NF¢<B classical pathway.

CYLD is shown to suppress the pathway by deubiquitinating TRAF2 and NEMO.
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NF-kB pathway associated proteins
TRAF proteins

TNFR family members use TRAF proteins as adaptor proteins for signal
transduction. Six TRAF family members have been characterized. TRAFlitacks
ring finger domain characteristic of the other family members. Theinggrf
domain assists in the addition of lysine 63-linked poly-ubiquitin chains. Essentially
TRAF proteins function as scaffolding proteins to help assemble downstream

complexes required for NkB activation. For example, through interactions with the

IKK- o and IKKf3 subunits of the IKK complex, TRAF2 recruits the IKK complex

to the activated TNFRY.

IKK complex

The IKK protein is a complex of three subunits, IKKiKK- and IKK-
v (NEMO). TRAF protein activation is sufficient for IKK activation; however, a
detailed picture of this phenomenon is under investigation. Interestingly, the
regulatory subunit NEMO has been shown to be vital for functional activity of the
IKK complex, triggering further NkeB pathway signaling. Although NEMO is
essential for IKK complex activity; the mechanism of IKK complexvation is not
completely understood. Three current hypotheses for IKK activation hane bee
postulated. First, IKK subunits are assembled and the IKK complex becotines ac
following phosphorylation by upstream IKK kinase. The second hypothesis suggests

that toll-like receptors direct autophosphorylation or a transautophosphoryation
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subunit interplay between NEMO and the other two subunits of the IKK complex,
IKK- a/IKK- B”7 resulting from NEMO oligomerizatidt ®. The last prediction is
that NEMO functions to direct translocation of the IKK complex subunits to
currently unidentified proteins that mediated IKK complex formation and
phosphorylation.

Overall, IKK complex activation is dependent upon NEMO. Another
function of NEMO is NEMO'’s involvement in NkB activation in response to
DNA damage. Sumoylatation of NEMO leads to NEMO translocation into the
nucleus where the ataxia telangiectasia mutated kinase leads to NEMO
ubiquitinatior”. Upon ubiquitination, NEMO moves back into the cytoplasm to
interact with IKK-o. and IKK{3 subunits resulting in an active IKK complex.

The presence of the IKKR-subunit of the IKK complex is essential for
efficient IKK complex activity in the canonical pathway; the absehedKK-3
subunit in a cell system showed decreas@&idegradatioff. Halting kB
degradation allows mor&B to be available to sequester NB- Bound NFkB does
not translocate into the nucleus.

IKK- o is essential for NkeB alternative (non-canonical) pathway activation.
The IKK-a subunit of the IKK complex assists in the proteolytic process cleaving
NF-kB2 (also known as p100) into the p52 protein that makes up theBNF-
heterodimer used in the NB alternative pathwdy ®{Table II-1). The IKK-

a subunit has a role in induction of keratinocyte differentidfiofdditionally IKK-
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o forms a complex with NkB and other transcription initiation factors on the

promoter sequence of NEB responsive gen?s

IxB

IkB binds NFxB. This kB/NF-xB complex maintains NkB in the
cytoplasm by masking the nuclear localization signal harbored byB\NFhe kB
family members currently recognized includeBHa, IkB-pB, IkB-¢ and closely

related Bcl-3.

CYLD

Mutations in the cylindromatosis tumor suppressor gene (CYLD gene) have
resulted in the formation of often benign tumors of skin appendage called
cylindromas. The CYLD protein is made up of 956 amino acids and has three
cytoskeleton-associated protein-glycine conserved domains (CAP-Glydhee
amino terminal and an ubiquitin carboxyl-terminal hydrolase catalytic domain
(UCH)® (Figure 11-2). The UCH motif within CYLD is similar to cysteine and
histidine boxes found in the carboxyl terminus of ubiquitin-specific protease
subfamily of enzymes with deubiquitination actiVftyThe third CAP-Gly domain
and the UCH domain are essential for binding TRAF2, NEM@d Bcl-3°. CYLD
is a deubiquitinase; as ubiquitinated TRAF2, NEMO, and Bcl-3 have been identified
as substrates for the CYLD ubiquitin protease activity. CYLD removes stongla

lysine 63-linked ubiquitin chains, instead of lysine 48-linked chains that are known
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to lead to proteosome directed degradation of proteins. The lysine 63-linked
ubiquitin chain is involved in TRAF2 and NEMO activation of the NF-kB pathway.
CYLD is identified as an endogenous inhibitor of NB-activation; a mechanism
behind this observation is CYLD deubiquitination of TRAF2 and NEMO. Further
studies confirmed a role for CYLD in NEB pathway activation by showing that
silencing of CYLD expression increased NB-activation, both at baseline, and
especially in cytokine TN and CD40L stimulated cefis®® Both a CYLD

deficiency and suppression of CYLD expression in cultured cells increases apoptosi

resistance, possibly resulting in oncogenesis.
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Figurell-2. Schematic representation of CYLD protein. The CYLD protein has

three cytoskeleton-associated protein-glycine conserved domains (C&Rha&e

amino terminus and an ubiquitin carboxyl-terminus hydrolase catalytic domain
(UCH). The TRAF2 and NEMO binding sites are indicated by arrows. The sequence

PVQES is required for TRAF2 binding.
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Summary

NF-xB is a family of proteins with transcriptional activity. NdB- proteins
are normally sequestered in the cellular cytoplasnkByrégulatory proteins. Upon
stimulation by either a variety of cytokines or through pathogen infection, aleasca
of biochemical events occurs resulting in the involvement of the IKK complex
subunits IKKe, IKK- and NEMO. IKK complex subunits trigger the release of
sequestered NEkB by IkB, unveiling the nuclear localization sequence of ;-
resulting in NF«B shuttling into the nucleus. Once in the nucleus,dBHs able to
promote transcription of tightly regulated genes involved in immune and
inflammatory responses, cell migration, apoptosis inhibition, cellular eratibn
and angiogenesis. Transcription of NB-responsive genes alters normal cell
physiology and contributes to cellular changes associated with inflanymator

disorders and oncogenesis.
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[I1. The HPV EG6 protein binds CYLD and modulates NF-xB

I ntroduction

HPV infection of primary keratinocytes is characterized by actiaadf the
NF-xB pathway, resulting in an anti-apoptotic state contributing to cell survival and
cellular proliferatiofi” °* °* Neeset al. reports that infection of keratinocytes with a
retrovirus construct encoding the HPV16 E6 protein enhanced gene expression of
multiple functional components of the NdB- signaling pathway, including tumor
necrosis factor (TNF)-receptor associated factor-interactingiprtRIP), NF«B-
inducing kinase (NIK), RelA (a NkB family member comprising the Ni&B dimer
after proinflammatory cytokine exposure induction or response to viral infection);
and induced NFReB binding to its DNA consensus sités These results support the
observation that activation of NéB within HPV-infected cells is stimulated by the
E6 protein. James al. established a role for HPV EG6 in up-regulating p52«iF--

containing dimers using a N&B responsive luciferase report as&ay

In an effort to identify how HPV EG6 expression leads tokiFactivation,
we have found that HPV EG6 binds to the cylindromatosis tumor suppressor protein,
CYLD. A CYLD protein deficiency results in familial cylindromatosis,artosomal
dominant genetic predisposition to multiple neoplasms, or cylindromas, that are

believed to arise from skin appendages such as the eccrine (sweat) and apocrine
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(scent) cells of the skift®*®* CYLD deficiency in epithelial cells leads to
development of cylindromatosis and cylindroma formd&tion

The carboxyl terminus of CYLD contains a deubiquitinating domain that
removes lysine 63 linked polyubiquitin chains from TNF-receptor associated 2act
and 6 (TRAF2 and TRAF6) (Fig. 1I-2). K63 deubiquitination of TRAF2 inhibits
TRAF2-mediated activation of the IKK complex and ultimately prevents the
dissociation and translocation of NB*"?>% |t is also proposed that CYLD can
directly bind to the regulatory subunit of the IKK complS¥,MO, again resulting
in inhibition of NF«B activatiori”®*%®% Through these actions, CYLD functions
as a suppressor of N&B activatior>® Brummelkampet al. have shown that
silencing of CYLD expression in cultured cells leads to increasedB\N&etivation,
both at baseline, and especially following cytokine stimul&fion

Given the ability of HPV EG6 to activate N&B, and the central role of the
CYLD protein in suppression of the canonical pathway fordBFactivation, we
hypothesized that HPV E6 proteins block established CYLD biochemical activities
In this study, we observed that HPV EG6 proteins bind CYLD, and showed HPV16 E6
abated CYLD-mediated NkB suppression.

NF-kB activation results in the transcription of a variety of genes involved in
proliferation, immune and inflammation responses, and apoptosis resistance (for
reviews, se€”%9); which are all contributory effects in carcinogenesis. Furthermore,
chronic inflammation is an important factor in carcinogeri&&1&! particularly

among epithelial tumors such as cervical car®efeviewed if%. Thus, we
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propose that HPV E6 contributes of HPV-induced carcinogenesis by inducing a
cellular environment stimulating N&B translocation to the nucleus for transcription

of proliferative and anti-apoptotic genes (canonical pathway activation).

Methods
Cedll Linesand Tissue Culture.

HPV negative cell lines: Human embryonic kidney cell line 293T/17 (293T
cells), human prostate cancer cells (PC3) and cervical cancanedll33-A (C33-
A). 293T cells were grown in HyQ Dulbecco’s MEM with 4 mM L-glutamine, 4.5
g/L glucose and sodium pyruvate (HyClone). PC3 cells were grown in RPMI 1640
supplemented with 2 mM L-glutamine and penicillin (100 IU/mL). C33-A cells
were grown in MEM (HyClone) with 2 mM L-glutamine. H1299 human lung
adenocarcinoma cells were cultured in RPMI 1640.

HPV positive cell lines: HelLa (a cervical cancer cell line transfdrmi¢h
HPV-18), SiHa cells (a cervical cancer cell line transformed with HPY &l&l
W12-E cells (a cervical cell line that maintains extrachromosom&}+H#). HelLa
and SiHa cells were grown in MEM. W12-E cells were grown on mitomycin C (4
ug/mL) treated 3T3 mouse fibroblasts in F-medium supplemented with
hydrocortisone (0.4g/mL), cholera toxin (0.1 nM), insulin (@g/mL), adenine (25
ug/mL), epidermal growth factor (10 ng/mL) and 5% FBS, as previously
described?®%* All other cells were cultured in media supplemented with 10% fetal

bovine serum.
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Dual reporter luciferase assays

293T cells seeded in 24 well tissue culture plates were transfected with 1 ng
of pRL-tk (an internal transfection efficiency control plasmid that exestenilla
luciferase under control of an SV40 promoter), 0.3 ug gRA-uc (a plasmid that
expresses firefly luciferase under control of an®B-responsive promoter) and 0.2
g of pCD40L (a plasmid that constitutively expresses CD40 ligand, provided by Dr
George Mosialos, Aristotle University of Thessaloniki, Greece) (Rid.al).
Simultaneously, the cells were co-transfected with either 0.2 pg ofidlasm
expressing HPV-11 E6, 0.2 ug of plasmid expressing HPV-16 E6, 0.3ug of plasmid
expressing CYLD or a combination of HPV-11 E6 and CYLD plasmids or HPV-16
E6 and CYLD plasmids. After 24 hours, transfected cells were harvested in 1x
passive lysis buffer (Promega). Firefly luciferase Radllla luciferase enzymatic
activity were measured consecutively according to the dual-lucifeepseer assay
protocol (Promega) using 10 pL of lysate in a 20i@Minometer (Turner
BioSystems). Final DNA concentrations for all transfections were helstaat by
using empty control vectors. Each experiment was performed in triplicate and
analyzed as an arithmetic mean. Statistical significance of datenpedsvere

calculated by test analysis, with P<0.05 being considered significant.

In the dual luciferase assay examining p53 independence, p53 null H1299

cells (CRL-5803, ATTC) were used instead of 293T cells. The assay was tanple

as described previously (Fig. lll-2a). In the dual luciferase assayimxgmp53
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independence using HPV16 E6 mutant F2V, 293T cells were transfected with an NF-
kB-responsive element-luciferase fusion plasmid, wieralla luciferase control
plasmid, and with plasmids expressing CD40L, CYLD, and F2V. The assay was

completed as described previously (Fig. 1lI-2b)

I mmuno precipation assays

To determine if the HPV EG6 protein binds CYLD, HPV11 and HPV16 E6-
flag fusion proteins and HA labeled CYLD were independently expressed in 293T
cells. Cells were harvested and lysed. CYLD containing lysate was mikeeithier
HPV16 E6 or HPV11 E6 containing lysates. As a control, HPV11 and 16 E6 were
mixed with lysate from cells transfected with empty flag vector.okofig
incubation, the proteins in the mixtures were precipitated using anti-FLAG M2
agarose (Sigma). The resin was washed thoroughly, proteins were eluted &ith SD
buffer and fractionated by SDS-PAGE. The presence of the CYLD protein was
detected using anti-CYLD antibody (Orbigen). The reverse experimeniaa
completed when HPV11 and HPV16 E6-HA fusion proteins and flag labeled CYLD
were expressed in 293T cells. As stated above, cells were harvested, lysed and the
CYLD and E6 lysates were mixed. Following incubation the proteins in the mixture
were precipitated using anti-FLAG M2 agarose (Sigma), thoroughly wagieed, a
HPV16 E6 and HPV11 E6 were detected using anti-HA antibody. HPV11 E6 and

HPV16 E6 were both detected to bind CYLD.
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RESULTS

HPV 16 E6 antagonizes the ability of CYLD to suppress NF-kB activation

HPV E6 protein expression in cultured cells leads tocBRctivatiorf®*°
195 To guide our studies of this phenomenon, we hypothesized that expression of
HPV EG6 proteins would inhibit the ability of CYLD to suppress tB-pathway
activation. To measure changes in dB-activation, we used a dual luciferase
reporter assay system (See Fig. llI-1a for vector constructs) edudF«B trans-
activation activity was quantified in cultured cells as a function of HPV E6 and
CYLD expression. 293T cells were transiently transfected with aBtkiciferase
reporter construct, Benilla luciferase internal control and with plasmids expressing
HPV EB6 proteins and CYLD. Cells not stimulated with CD40 ligand (CD40L)
expressed little NkeB; CD40L stimulation resulted in high levels of XB-
expression, resulting in a strong luciferase mediated luminescence IEig, IlAne
2). Expression of CYLD in CD40L-stimulated cells inhibited the marked up-
regulation of NF«B activity seen in the presence of CD40L alone. Expression of
HPV11 E6 or HPV16 E6 in CD40L-treated cells resulted indBFactivity
comparable to the NkB activity in cells treated with CD40L alone (Fig. IlI-1b,
lanes 4 and 6). In cells co-transfected with HPV16 E6 and CYLD, we found that the

introduction of HPV16 E6 reversed the CYLD-mediated inhibition of CD40L-
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induced NF«B activation observed with CYLD alone. In contrast to our findings
with HPV16 E6, we found that the expression of HPV11 EG6 did not fully reverse the

NF-kB inhibiting effects of CYLD (compare Fig. llI-1b, lanes 3-7).
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FIGURE I11-1. Characterization of HPV16 E6 and HPV 11 E6 effects on NF-kB
activation. (A) NF-xB-responsive element-luciferase fusion plasmid Radlla
luciferase control plasmid(B) HPV16 E6 blocks the ability of CYLD to suppress
NF-kB activation. 293T cells were transfected with and-responsive element-
luciferase fusion plasmid, withRenilla luciferase control plasmid, and with
plasmids expressing CD40L, CYLD, HPV11 E6, and HPV16 EG6 as indicated. *,

P<0.02; ~, P<0.05. P values determined test analysis.
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E6-mediated NF-kB activation does not require p53 tumor suppressor protein

Because a well described activity of high-risk E6 proteins is promotion of
p53 degradation, we hypothesized that the effects of HPV16 on the canoki2 NF-
pathway were independent of the ability of high-risk E6 proteins to drive p53
degradation. To confirm if the observed HPV16 E6-mediated activation @BN\F-
was p53 independent, the ability of the HPV16 EG6 to attenuate CYLD-mediated
suppression of NikB activation in the p53 negative cell line H1299 was assayed
using the dual luciferase reporter assay system previously describedbilithef
HPV16 E6 to inhibit CYLD-mediated suppression of KB-activation was
recapitulated in this p53 null cell line, thereby suggesting that the CY LDHimigy
activity of HPV16 E6 is independent of p53 degradation.

As a second independent method, we used a HPV16 E6 mutant F2V in our
dual luciferase assay system as described above. F2V has been previously
characterized as having the ability to bind p53 but lacking the ability to promote E6-
and E6AP-mediated proteasomal degradation of p53. Expression of CD40L resulted
in an increase in relative NEB that was abated by expression of CYLD (Fig. IlI-
2b). Expression of F2V increased KB-levels relative to CYLD alone; however,

F2V expressed alone was not statistically different from the control. F2¥ARKe
16 E6 mutant lacking p53 degradation ability, reversed CYLD-mediated suppression

of NF«B (Fig. IlI-2b, compare lanes 3 and 5). This further confirmed the
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observation that HPV16 E6-mediated activation ofit-in the presence of CYLD

appears to be a p53 independent role of HPV16 EG6.
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Figurelll-2. HPV16 E6 blocks the ability of CYLD to suppress NF-xB

activation in cellsdeficient in p53. (A) p53 null H1299 cells (CRL-5803, ATTC)
were transfected with an NEB-responsive element-luciferase fusion plasmid, with
aRenilla luciferase control plasmid, and with plasmids expressing CD40L, CYLD,
and HPV16 E6. Comparing lanes 2 and 4, P<0.02. P values determinesty
analysis(B) HPV E6 F2V mutant lacking p53 degradation ability was used in a
luciferase assay. Results shown are the mean +/- s.d. relative lucietiagg from

three independent samples.
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HPV EG6 proteinsbind CYLD

Given the ability of HPV16 EG6 to reverse CYLD-mediated inhibition of NF-
kB activation, we hypothesized that the effect of HPV16 E6 oxBlRetivation
was mediated through direct E6:CYLD interaction. To determine if E6 bound
CYLD, E6 and CYLD co- immunoprecipitation experiments were performed.
Surprisingly, we found that both HPV E6 types 11 and 16 proteins co-precipitated
the CYLD protein (Fig. 11I-3a). The reverse experiment was performed ahdCY
co-precipitated E6 proteins (Fig. 111-3b). The ability of the HPV16 E6 proteins-+t
precipitate CYLD is consistent with the hypothesis that the E6:CYLD irtteraa

vivo is essential to the molecular basis of E6-mediatedkBlpathway activation.
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Figurelll-3. TheHPV EG6 protein bindsCYLD. (A) HPV11 and HPV16 E6-flag
fusion proteins and HA labeled CYLD were expressed in 293T cells. Cell lysates
were used in a co-immunoprecipitation assay. CYLD-HA was detected using anti-
CYLD antibody.(B) HPV11 and HPV16 E6-HA fusion proteins and flag labeled
CYLD were expressed in 293T cells. E6-HA was detected using anti-HAodgti

HPV11 E6 and HPV16 E6 were both detected to bind CYLD.
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DISCUSSION

HPV has been shown to activate the RB-pathway. In an effort to identify
how HPV expression leads to NiB- pathway activation, we have found that the
HPV16 EG6 protein interacts with the deubiquitinase CYLD. A well studied form of
posttranslational protein management involves the addition of ubiquitin. In the
process of ubiquitination, ubiquitin is covalently attached to target proteins in an
extremely specific process, commonly as poly-ubiquitin chains, via the lysine
residues of a protelf?*°” Lysine 63-linked ubiquitin modification activates TRAF
proteins, promoting IKK complex formation and stimulation (for review see Chapter
II). Many researchers are examining the role of ubiquitin modulation ithore ke
viruses and have identified viral proteins that have ubiquitin ligase activityding
the MIR1 and MIR2 proteins of human herpesvirtf. & here are also viral proteins
that interact with ubiquitin ligases and proteases; such as adenovirus proteins, E4 34k
and E1b 55k. E4 34k and E1b 55k form complexes to participate in a virus-specific
E3 ubiquitin ligase-mediated ubiquitination and proteasomal degradation of
Mre11*°° p53'°and DNA ligase IV**

Finding an interaction among HPV and known ubiquitin altering enzymes
could define alternate oncogenic mechanisms used by HPV. We explored the
possibility of HPV proteins interacting with a recently characterizeaproCYLD.

The loss of CYLD is known to alter epithelial derived cells, resulting in benign

neoplasms reminiscent of the growths caused by HPV.
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For our studies, a combination of vectors expressing CYLD and either
HPV16 E6 or HPV11 EG6 were transfected into 293T cells. A plasmid encoding
CDA40L was also added to activate the canonicakBfpathway. NFRe<B pathway
activation was then measured using andBFresponsive dual luciferase reporter
system. In keeping with the findings of others, we found that CYLD was a potent
suppressor of CD40L-mediated MB- pathway activatiot{ %%

We also found that, while expression of HPV16 E6 or HPV11 E6 alone in
293T cells did not significantly alter NigB levels (Fig. llI-1b, lanes 4 and 6), co-
expression of HPV16 E6 with CYLD in CD40L-stimulated cells attenuated the
characteristic CYLD-mediated suppression of RB-activation (Fig. 1ll-1b, lane 7).
This attenuation of CYLD activity by HPV-16 E6 was not seen with HPV-11 EG6.
These results indicate that HPV16 E6 antagonizes theBNFathway-suppressing
activity of CYLD, leading to persistent NiEB activation. Because NkB
expression in keratinocytes confers apoptosis resistanae propose that the
ability of HPV16 EG6 to inhibit CYLD-mediated suppression of the canonical
pathway of NF<B activation contributes to the proliferative phenotype of HPV-
infected and HPV-transformed cells. This HPV16 E6:CYLD interaction and
consequent inhibition of CYLD activity constitutes a novel mechanism by which the
HPV16 EG6 protein could induce an anti-apoptotic cellular state in HPV16 infected
and HPV16 transformed keratinocytes.

In this study, we hypothesized that the ’B-activating activity of HPV16

E6 was not mediated through direct HPV E6:p53 interaction. To test this hypothesis,
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we measured the ability of the HPV16 EG6 to block CYLD-mediatedBlipathway
suppression in the p53-deficient cell line H1299. In H1299 cells, HPV16 E6
maintained the capacity to reverse CYLD-mediated inhibition okRFctivation

(Fig 111-2).

We further hypothesized that the effects of HPV E6 on CYLD could be
mediated through direct HPV E6:CYLD association. Using standard co-padioipit
methods, low-risk HPV type 11 proteins E2, E6 and E7 as well as high-risk type 16
proteins E6 and E7 were assayed (data not shown). Only the HPV EG6 proteins of
both high- and low-risk types readily co-precipitated CYLD in our systeg (I
3). Interestingly, HPV11 E6 was able to bind CYLD but did not show ability to
inhibit CYLD suppression of NikB activation. The significance of the HPV11 E6

and CYLD association needs further study.

The significance of the HPV E6 and NB-interaction arises from the anti-
apoptotic effects of NikB. Activation of NF«B results in transcription of a variety
of genes involved in keratinocyte proliferation, immune and inflammation responses,
and protection against apoptd&i§ all factors that could contribute to malignant
conversion of keratinocytes. The persistent®fFactivation induced by HPV E6
has the hallmarks of chronic inflammation. Chronic inflammation is an important
factor in carcinogenesis®®**? Prominent among inflammation-induced
malignancies are epithelial tum&ts Therefore, chronic inflammation may

contribute to the development of cervical canters
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It is possible that the HPV16 E6 protein may affect other steps in the pathway
leading to NF«B activation. It has been determined previously that both the
canonical and non-canonical NdB- pathways can be activated by CD481*4 1>
thus, our data do not exclude a role for HPV EG6 in the modulation of an alternate
pathway for NF«B activation.

The HPV EB6 protein is a central factor in HPV-induced cellular
transformation and in the development of cervical dysplasia and cervical
cancet!®**!” The HPV E6 protein prevents apoptosis is several ways, thereby
contributing to the proliferative and malignant phenotype of HPV-infected and HPV-
transformed cells. In this study, we have shown the HPV16 E6:CYLD is snfficie
to abate CYLD-mediated inhibition of NéB and may be paramount in leading to

NF-kB activation by HPV.

Summary

HPV infection of primary keratinocytes leads to activation of thexBF-
pathway, promoting an anti-apoptotic state. This activation okBl§s stimulated,
at least in part, by the HPV EG6 oncoprotein. We proposed that HPV EG6 protein
promotes NFeB pathway activation by interfering with the activity of CYLD, an

important regulator of NikB activation.
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We have shown that HPV E6 proteins associated with Cvilitro. High-
risk HPV16 E6 and not low-risk HPV11 E6 expression in 293T cells blocks the

ability of CYLD to inhibit CD40 ligand-stimulated N&B activation.
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V. HPV16 E6 rescues CYLD-mediated TRAF2 loss

Introduction

A major contribution to our understanding of the role of CYLD as a tumor
suppressor, and as a deubiquitinase occurred when several labs reportedytreé abilit
CYLD to reverse K63-linked ubiquitination of TRAF2 and NEMO. CYLD mediated
deubiquitination of TRAF2 and NEMO results in attenuation of canonicatBIF-
pathway activation. TRAF2 interacts with the cytoplasmic domain of TNFRs,
serving as an adaptor protein by recruiting proteins to the site to enhaacelinkar
signal transductiohi®*'® We determined that expression of CYLD induced loss of
TRAF2, and that CYLD-mediated loss of TRAF2 could be abated by co-expression
of CYLD with HPV16 E6.

Our data showing CYLD expression resulted in TRAF2 loss and the data
showing HPV16E6 can prevent CYLD-mediated TRAF2 loss was completed by
over-expressing TRAF2, CYLD and HPV16EG6. Over-expression experiments should
be validated using other research methods. To provide an alternative to the over-
expression data we determined the effect of introducing siRNA against HPV16 E6 in
a cell line transformed with HPV16. We observed silencing of HPV16 EG6 resulted in
a loss of endogenous TRAF2.

It has been demonstrated that endogenous CYLD undergoes NEMO

dependent phosphorylation and that this CYLD phosphorylation was essential for
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regulation of signal induced ubiquitination of TRAE2%. TRAF2 was

constitutively K63 ubiquitinated in the absence of CYLD. Red#egl. proposed that
phosphorylation of CYLD results in deactivation of CY¥D Given the ability of

HPV EB6 to bind CYLD, we wanted to examine the functional consequences of this
interaction and examine CYLD phosphorylation in the presence of HPV E6. We
determined HPV EG6 increased CYLD phosphorylation. HPV E6 mediated
phosphorylation of CYLD may serve as a mechanism for the HPV16 E6 abatement

of CYLD suppression of NkB activation (reviewed in Chapter Il1).

Methods
Western blot analysisfor measurement of TRAF2 levels

Protein levels of interest were assayed using established western blot
techniques. Briefly, 293T cells at 60-70% confluency in 12 well plates were
transfected using FUGENE 6 Transfection Reagent (Roche) according to
manufacture provided instructions. Cells were transfected with 0.3 pg oafigge
plasmids pcDNA-TRAF2-flag (TRAF2) and pcDNA3-CYLD-flag (CYLD). PIR-
16E6-HA or pKH3-11E6-HA influenza hemagglutinin E6 fusion plasmids were
simultaneously transfected. All transfections were repeated in dudicdteells
were incubated for 24-48 hours. Cells were harvested in 1x lysis buffer (40 isiM Tr
HCI pH 7.6, 150 mM NaCl, 1mM PMSF, 1% NP-40) and the lysate was resolved in

gradient SDS-PAGE gels before being transferred to nitro-celludesabrane on a
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trans-blot SD semi-dry electrophorectic transfer cell (Bio-Rad). FR@rotein was
detected using an anti-flag M2 peroxidase conjugate (Sigma) or anti-TRIRBD)
antibody (Santa Cruz Biotechnology). Immunoblots were developed with ECL-pico

chemiluminscent reagent (Pierce).

Suppression of E6/E7 expression with an anti-E6/E7 SSIRNA

A 19-nucleotide duplex siRNA homologous to bases 142-160 of the HPV 16
E6/E7 open reading frame with 2-nucleotide deoxythymidine 3’ overhangs was used
to reduce endogenous E6/E7 expressionAnti-HPV 16 E6/E7 or control SiRNA
was transfected into subconfluent cells using oligofectamine reagentdgian) and
Opti-MEM (reduced serum medium (Gibco)) according to the manufacturer’s
protocol. The cells were harvested 48 hours later in RIPA buffer (40 mM Tris-HCI
pH, 150 mM NaCl, 1mM PMSF, 1% NP40). Protein expression was analyzed by

western blot.

CYLD phosphorylation assay

293T cells were transfected with either HPV11 E6, HPV16 E6 or empty
vector. Eighteen hours after transfection, 2 mCra#][orthophosphate, chemical
form HsPO, in H,O (MP Biomedicals), was added to the cell medium for 2-4 hours.
Cell lysates were mixed with anti-CYLD antibody and protein A-sepharaisbe
and incubated overnight. Resin was washed and eluted proteins were resolved on a

7.5% Tris-HCI gel, dried overnight and visualized using a phosphorimager.
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Analysis of expression of CYLD by quantitative PCR

Total cellular RNA was isolated using TRIzol (Invitrogen) reagenbaicg
to manufacturer’s protocol. The cDNAs were generated in a reverseripsase
reaction preformed in 2@ reaction volume containing iy of total RNA. Relative
guantitative analysis of CYLD mRNA expression was performed on a ABI PRISM
7300 sequence detection system (Applied Biosystems) in a total volumelof 25
containing SYBR Green PCR master mix (2x), cDNA, and the following previously
described primer sets: CYLD forward: 5'-TGC CTT CCA ACT CTC GTC TIG-
and CYLD reverse: 5-AAT CCG CTC TTC CCA GTA GG!%. Real time PCR

results were normalized to GAPDH mRNA levels.

Co-expression of HPV E6and CYLD

293T cells were transfected at 60-70% confluency in 6 well plates using
FUGENE 6 Transfection Reagent with 1.2 pg of pcDNA3-CYLD-flag. Cellge wer
co-transfected with either increasing concentrations of pKH3-16E6-Hég, @, g
and 4ug) or with one concentration of pKH3-11E6-HA (41g). Cells were incubated
for 48 hours, harvested in 1x lysis buffer and the proteins were resolved using
gradient SDS-PAGE gels before being transferred to nitro-celluiesebrane.
CYLD protein was detected using an anti-flag M2 peroxidase conjugate and

immunoblots were developed using chemiluminscent reagents.

Results
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Expression of CYLD in 293T cellsreduces TRAF2 protein levels. CYLD-
mediated loss of TRAF2 isinhibited by HPV 16 E6.

TRAF2 protein functions as a signal mediator upon activation of a variety of
cell surface cytokine receptors and this leads to activation of an essemiedrent
of theNF-«xB pathway, thedB kinase (IKK). When plasmids expressing TRAF2
and CYLD were co-transfected into 293T cells, the amount of TRAF2 measured by
western blot decreased dramatically (Fig. IV-1a, lanes 1 and 2). This CYLD-
mediated loss of TRAF2 was increased with increasing doses of CYLD ampress
vector (Fig. IV-1b). Addition of an HPV16 E6 expression plasmid, but not an
HPV11 E6 plasmid, blocked the loss of TRAF2 seen with CYLD expression (Fig.
IV-1a, lane 4 and Fig. IV-1c, compare lanes 5 and 6). Thus, HPV16 E6 prevents

CYLD-induced loss of TRAF2 in 293T cells
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FigurelV-1. CYLD alters TRAF2 protein levels. (A) CYLD over-expression in
293T cells leads to loss of TRAF2. 293T cells were co-transfected with plasmids
expressing CYLD-HA and TRAF2-flag. TRAF2-flag protein was deteatng an
anti-FLAG M2 peroxidase conjugate (Sigma); native TRAF2 was detasted an
anti-TRAF2 peptide antibody (H249, Santa Cruz Biotechnolo(f¥).Loss of

TRAF2 is dependent on CYLD dose. Plasmids expressing TRAF2-flag and
increasing quantities of CYLD-HA expression plasmid were co-tratesfento

293T cells. FLAG tagged TRAF2 was detected as describe ali)vdPV11 E6
doesnot inhibit CYLD-mediated TRAF2 loss. Plasmids expressing TRAF2-flag
and CYLD-HA were co-transfected into 293T cells with increasing quantfie
HPV11 E6 expression plasmid. Western blot was completed using an anti-FLAG

antibody.
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Silencing of endogenous E6 expression in SiHa cells leads to decreased levels of

endogenous TRAF2.

The previous work with TRAF2 was completed using over-expression
techniques. Here, we show that TRAF2 loss results from silencing endogenous HPV
E6; supporting the hypothesis that CYLD-mediated modulation of TRAF2 occurs at
physiological HPV E6 and CYLD levels and is not an artifact of protein over-
expression. To determine whether endogenous levels of HPV E6 protein were
sufficient to affect TRAF2 expression, TRAF2 levels in HPV 16-transformidd Si
cells were measured as a function of HPV E6 expression. For these studies, SiHa
cells were transfected with an anti-E6/E7 siRNA or control sSiRNA. Following
E6/E7 silencing, cellular TRAF2 levels were measured by western blot\F2).

E6/E7 silencing reduced TRAF2 levels, indicating that endogenous levels of HPV

E6 are sufficient to alter TRAF2 levels in HPV-transformed cells.
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FigurelV-2. Silencing of endogenous E6 expression leadsto loss of TRAF2.

SiHa cells were treated with anti-HPV16 E6/E7 siRNA or with a sequence-
scrambled control siRNA. 48 hours after siRNA transfection, cells were Iysked a
the extracts subjected to SDS-PAGE. Proteins were resolved on an SDSgeAGE

transferred to nylon membrane and detected using an anti-TRAF2 antibody.
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CYLD phosphorylation isincreased by HPV E6 expression

The regulation of CYLD in the NikB pathway is necessary for normal
cellular response to stimuli. Phosphorylation is important for CYLD regulation and
inhibition of CYLD-mediated deubiquitination of TRAF2 and NEMO (Fig. 1V-3).
We determined both HPV11 E6 and HPV16 E6 were able to increase CYLD
phosphorylation. NEMO-mediated phosphorylation of CYLD may serve as a
regulation mechanism to stimulate KB-in cellular response after cytokine

receptor stimulation.
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FigurelV-3. HPV EG6 proteinsincrease CYLD phosphorylation. (A)
Phosphorimage depicting phosphorylated CYLD. 293T cells were transfected with
either HPV11 E6, HPV16 E6 or empty vector. Eighteen hours after transfection,
[*?P] orthophosphate was added to the cell medium. Cell lysates were mixed with
anti-CYLD antibody and protein A-sepharose beads. Resin was washed add elute
CYLD was visualized using a phosphorimad®). The radioactive counts detected

by the phosphorimager for the image shown in A.
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CYLD mRNA levelsin HPV-negative cell linesarelower than CYLD mRNA
levelsin HPV-transformed cell lines.

Given the fact that CYLD can function as a tumor suppressor, we
investigated if some commonly used cultured cell lines had reduced levels of the
CYLD mRNA. Using RT-PCR, CYLD mRNA levels in six cell lines were
compared. Interestingly, the HPV-transformed cervical cancerlteds (HPV
positive cells lines), HeLa, SiHa, and W12-E expressed greater relaiouents of

CYLD mRNA than the HPV-negative cell lines PC3, C33-A and 293T (Fig. IV-4).
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FigurelV-4. CYLD genetranscription levelsvary between HPV-infected and
non-HPV-infected cells. 293T, C33A, PC3, Hela, SiHa, and W12E cells were
harvested in 200 ul of TRIzol buffer and processed according to manufacturer’s
protocol to isolate total RNA. CYLD cDNA was generated. Quantitativetiraal

PCR was performed; results were normalized to GAPDH mRNA levels.
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HPV16 E6 protein preventsCYLD loss

After determining that HPV16 E6 and HPV11 EG6 bind to CYLD, we
hypothesized that this association may affect CYLD protein levels. To this end, w
co-expressed CYLD with increasing concentrations of HPV16 E6. We observed that
in the presence of HPV16 E6, more CYLD was detected than in the absence of
HPV16 EG6 (Fig. IV-5). We also determined that HPV11 E6 was unable to prevent
CYLD loss. In cells co-expressing HPV11 E6 and CYLD, we did not observe the
ability of HPV11 EG6 to block CYLD loss, even at the highest concentration used of

HPV16 E6 (4uQ) (Fig. IV-5, compare lane 5 and 6).
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FigurelV-5. HPV16 E6 protein expression increases CYLD. HPV11 E6-HA and
CYLD-flag or HPV16 E6-HA and CYLD-flag were expressed in 293T cellssCell
were harvested and lysed. Proteins were separated using western tdottimgues

and anti-FLAG antibody was used to detect CYLD.
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Discussion

In an effort to identify how HPV EG6 expression leads tokBHpathway
activation, we have found that the HPV16 EG6 protein interacts with CYLD and
inhibits CYLD'’s ability to promote the loss of TRAF2, a mediator of dNg--
activation.

While it is well established that CYLD deubiquitinates TRAF2, we report the
new observation that CYLD expression leads to loss of TRAF2 protein. Furthermore,
when HPV16 E6 was co-expressed with CYLD, CYLD-mediated TRAF2 loss was
inhibited (Fig. IV-1a). The expression of HPV16 E6 alone in 293T cells slightly
increased TRAF2 levels. Thus, we propose that HPV EG6 blocks CYLD-mediated
TRAF2 loss. We also found that the loss of TRAF2 in 293T cells increased as a
function of CYLD expression vector dose. As the quantity of CYLD expression
vector used to transfect 293T cells was increased, the amount of TRAF2 loss also

increased.

Expression of the low-risk HPV11 E6 protein did not inhibited CYLD-
mediated TRAF2 loss. HPV16 and HPV11 E6 were both expressed independently
and similar expression levels were observed (data not shown). Under conditions
were HPV16 E6 was a potent inhibitor of CYLD-mediated TRAF2 loss (Fig. IV-1b),
even high levels of HPV11 EG6 failed to prevent CYLD-mediated TRAF2 loss.
These observations are consistent with the differing pathogenic abilities and
potentially differences in phenotypic clinical outcomes of the HPV16 and HPV11 E6

proteins.
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Based on our data, and on work by others, we predict that upon stimulation of
receptors by proinflammatory cytokines, TRAF2 is activated through I¢8ne
linked auto-ubiquitination. Activated TRAF2 starts the classical signeiagade
resulting in NFxB translocation into the nucleus. We further predict that in the
absence of HPV E6, CYLD binds and deubiquitinates K63-ubiquitinated TRAF2.
Following K63 deubiquitination, TRAF2 becomes a substrate for the K48 ubiquitin
ligase TRIB®. TRIP-mediated K48 ubiquitination of TRAF2 leads to degradation of
TRAF2 in the proteasome. This loss of TRAF2 would inhibit the canonical pathway
for NF«B activation, leading to a reduction in nuclear &&:- In the presence of
HPV16 E6, CYLD-mediated deubiquitination of TRAF2 would be inhibited. K63-
ubiquitinated TRAF2 would maintain the capability to interact with NEMO, thereb
driving persistent canonical pathway activation anddBRiuclear expression. The
continued presence of the K63 ubiquitin chain could preclude K48 ubiquitination by
TRIP, by altering the TRIP/TRAF binding observed by keal.*?>. Without TRIP-
mediated K48 ubiquitination, TRAF2 would not be degraded in the proteasome,
leading to TRAF2 accumulation and persistentéfractivation. Such persistent
NF-kB activation would contribute to apoptosis resistance, would support HPV DNA
replication, and would contribute to carcinogenesis of HPV-infected epithdlgal ce

Because many of our experiments used over-expression of CYLD and HPV
E6 proteins, it was important to determine if the fB-activating effects of HPV16
E6 occurred at physiological levels of HPV E6 and CYLD. To this end, we used

SiHa cells to determine whether endogenous levels of CYLD and HPV16 E6

84



modulated cellular TRAF2 levels. SiHa cells are transformed with HPV16, and
express very low levels of HPV16 E6. In keeping with our model that endogenous
HPV EG6 expression would inhibit CYLD-mediated TRAF2 loss, we found that
treatment of SiHa cells with an anti-E6/E7 siRNA led to a marked dedretal
cellular TRAF2 (Fig IV-2). These results indicate that even the verlf amaunts

of HPV EG6 present in HPV-infected and HPV-transformed cells may be suffic

increase TRAF2 levels significantly, leading to persistenkBFactivation.

CYLD phosphorylation was increased in the presence of HPV E6 proteins. This
increase in CYLD phosphorylation was not great. However, work by others suggests
phosphorylation of CYLD is essential for regulation of CYLD-mediated affect upon
TRAF2 and NEMO. We hypothesize that E6-stimulated CYLD phosphorylation
helps in suppression of CYLD-mediated TRAF2 and NEMO deubiquitination.
Further study is needed to determine the significance and magnitude of the role of
E6-stimulated CYLD phosphorylation in HPV E6-mediated suppression of CYLD

inhibition of NF«B.

A growing body of evidence implicates CYLD as an important factor in
tumorigenesis by inhibiting epithelial cell apopt85f°> Consistent with this anti-
apoptotic effect of NReB, Hellerbrandet al. demonstrated reduced CYLD mRNA
levels in human colon and hepatocellular carcinomas when compared to CYLD
mRNA levels in normal tissue sampi&s Because HPV E6 protein-mediated

inhibition of CYLD would have the same phenotypic effects as CYLD loss, we

85



hypothesized that HPV-negative cell lines, which lack HPV EG6 to suppress CYLD
activity, might have lower CYLD levels than HPV-transformed cells (irctvithe
activity of CYLD is suppressed by HPV EG6). Consistent with this hypothesis, w
found low levels of CYLD mRNA in 293T, C33-A and PC3 cells when compared

with the higher levels of CYLD mRNA in SiHa, HeLa and W12-E cells (Fig4)V

Summary

CYLD is an ubiquitin protease that removes stimulatory K63-linked ubiquitin
from TRAF2, an early activator of the canonical NE-activation pathway. By
deubiquitinating TRAF2, CYLD suppresses NB-activation. We have found that
CYLD expression in 293T cells leads to dose-dependent reductions in TRAF2 levels.
This CYLD-mediated loss of TRAF2 is inhibited by co-expression of high-, but not

low-risk E6 proteins.

We propose a model for the role of E6 in canonicalkiBFpathway activation.
By binding to CYLD, E6 blocks CYLD-mediated TRAF2 loss promoting ®8--
activation. As a result of the HPV E6 and CYLD interaction, CYLD phosphorylation
increases; a second mechanism that supports HPV-induce® [dEtivation. By

promoting NF«B activation by the canonical pathway, E6 proteins may drive
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keratinocyte proliferation and prevent apoptosis, leading to the development of

epithelial neoplasms.
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V. Genetic variability in the HPV E6 open reading frame of HPV16 and

HI1V infected adolescents

Introduction

The HPV subtypes leading to carcinoma development are termed high-risk.
Among high-risk types, type 16 stands out as the dominant contributor to
carcinogenesis, being the type that causes over half of all cervicals:ahs®hy
high-risk HPV are oncogenic while low-risk HPV types are not is unclear.
Differences among the roles of the oncogenic proteins, E6 and E7, have long been
hypothesized as the factors underlying the varying oncogenic potentials ofridgh- a
low-risk viruses?®.

The HPV EB6 protein is a key player in HPV-induced cellular transformation,
and is widely accepted as being the driving mechanisms of persistent HRWnsec
and dysplasia leading to carcinogentgisThe HPV E6 protein is a small
polypeptide of approximately 150 amino acids, containing two zinc-finger motifs
that are essential for proper protein foldfig*

Given the complexity and diversity of HPV EG6 cellular interactions with host
cell proteins (see chapter 1 for review), we postulate that any differeneiés/16
E6 DNA sequence may alter HPV16 E6 interactions with other proteins. Numerous
studies suggest there are distinct HPV EG6 variants within HPV types, and that

specific genetic variations among HPV type 16 E6 proteins may corrathteand
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potentially serve as genetic markers of, risk for the development of dervica
intraepithelial neoplasia and cervical cafter:

HPV infections are common in sexually active women, with estimates of
over 80% of women will be infected in their lifetini&s"3® Active immune systems
are effective in protecting the majority of these women from life-tareag HPV
disease. Nonetheless, immunocompromised individuals, particularly those with
human immunodeficiency virus (HIV) driven immuno-suppression, are at increased
risk for acquiring HPV, and frequently develop persistent HPV infectidns
Additionally, the sexual practices that increase risk for acquiring anrHd@¢tion
also increase risk for acquiring HPV infections. As a result of immunodadiciend
sexual behavior risk factors, HIV-infected women have increased prevalence of
cervical HP\VF*>13¢ gnal HP\F"*8 and oral HPV*? infections. There is an inverse
relationship observed between anogenital HPV infections and CD4+'fvels
Studies to date have not identified HIV as having a direct causative role in HPV
pathogenesis, however, HIV-induced immune system suppression contributes to a
cellular environment that allows for HPV persistence and tumorigegesis

In HIV infected women, HPV infections persist because the decreased
clearance by the immune system. Thus, in women with decreased immune responses
there could be acquisition and persistence of HPV at higher rates resulting in the
women harboring HPV EG6 with greater genetic diversity. The identificafioovel
HPV E6 sequences could start to explain why HPV in HIV infected women

experience increased HPV transformation and HPV mediated neoplasia.
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We hypothesized that immune compromised women infected with HIV
would harbor novel HPV E6 sequence variations when compared to women not
infected with HIV. The immune compromised individual may serve as a host with
reduced selective pressure on HPV E6 allowing mutations to appear in non-essentia
parts of the HPV EG6 protein, parts that do not interact with p53 and CYLD. To test
this hypothesis, we performed HPV16 E6 PCR on cervical lavage specimens from
forty-six adolescent female patients of the REACH Cohort at the Univefsity
Alabama who were infected with HPV16 and HIV. We identified HPV E6
sequences that contained amino acid differences when compared to the HPV E6
reference sequence in the samples from this cohort of women. All of the HPV E6
sequence amino acid variations detected had been previously identified and
published in HIV negative women infected with HPV16. These findings did not
support the hypothesis that adolescent women co-infected with HPV16 and HIV

harbor more HPV E6 sequence variants then HIV negative women.

Methods
Acquisition and preparation of clinical specimens

Clinical specimens were obtained from adolescent women undergoing
gynecological procedures as participants in the REACH program adnedistgthe
University of Alabama at Birmingham. Samples were obtained by vagiweé.
The wash specimens after collection were frozen and stored’@ u8@il DNA

extractions and PCR analysis were completed. A total of 46 cervical speamens
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HPV 16 positive adolescent females were obtained. Presence of the HPV 16 was
confirmed by northern blot hybridization. All participants from whom samples were

collected were women co-infected with HIV.

Detection of HPV E6 DNA using PCR

Polymerase chain reaction (PCR) was used to detect and amplify HPV16 E6
DNA in the cervical wash specimens. All wash samples were used as PCReaempla
using a pair of primers designed to anneal to HPV16 E6 prototype (HPV 16R)
(GenBank K02718): forward (5' ata tac tat att ttg tag cgc cag ¢&) @nd reverse
(5' ccc ctt ata tta tgg aat ctt tgc ttt ttg 3) (Figure V-1). Thegripair was first
verified and annealing temperature optimized by using the primer pair in a
temperature gradient PCR amplification of the HPV 16R prototype containing
plasmid.

Once verified, the primer pair was used to detect and amplify E6 DNA from
the cervical wash specimens using a PCR reaction mixture consisting of 10 pl of
specimen DNA, 10x PCR buffer, 1.5mM MgCI2, 200 uM total of each
deoxynucleoside (ANTPs), 10 uM of specified forward and reverse primers and 1 U
of Platinum Taq DNA polymerase (Invitrogen) in a final volume of 50 ul. HPV E6
DNA was amplified by PCR protocol as follows: an initial denaturation for 3
minutes at 9%C, then for 35 cycles, denaturation at’®@%or 30 seconds, annealing

at 60°C for 1 minute, elongation at &8 for 1.5 minutes and a final elongation at
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68°C for 3.5 minutes. If the initial PCR was unsuccessful, the amplification was
attempted using the less stringent primer set two (Fig. V-1).

The amplified HPV16 E6 product (a 987 base pair product was expected)
was applied to an agarose gel infused with ethidium bromide, and single band
samples were sent for sequencing. Of the samples without clear single bands, a
sample was collected from the band of expected size using a pipette tip ingerted i
the agarose gel. The DNA in the excised gel sample was purified usinglQiaex
agarose gel extraction kit (Qiagen) according to manufacture protocgbufified
DNA was used in a second round of PCR with primer set three (Fig. V-1) according
to previously stated conditions, and again subjected to electrophoresis in an ethidium

bromide agarose gel before being sent for sequence analysis.
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FigureV-1. Primer sequences used for PCR amplification of the HPV 16 E6

gene. Primer set one was designed to anneal to E6 open reading frame of HPV 16
prototype (HPV 16R). Primer set two is a truncated version of primer set onet Prime
set three was designed to anneal to E6 open reading frame interior to ptiorex.se

Primer set one was is expected to result in a 987 base pair product.
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Primer set 1

Forward
Reverse

Primer set 2
Forward-truncated
Reverse-truncated

Primer set 3
Forward #2-downstream
Reverse #2-upstream

5' ata tac tat att ttg tag cgc cag gcc cat 3'
5' ccc ctt ata tta tgg aat ctt tgc ttt ttg 3'

5'at att ttg tag cgc cag gc 3'
5' ccc ctt ata tta tgg aat ¢ 3'

5' cgg ttg cat gct ttt tgg 3'
5' cac aac ggt ttg ttg tat tgc 3'
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Sequence analysis of HPV-16 E6 open reading frame

Sequencing was completed by North Carolina State University (Raleigh,
North Carolina) and Duke University (Durham, North Carolina) sequencingsente
using standard procedure and primer set one described above. The sequences were
compared to HPV16R reference sequence using alignment software, BLAS®H. Ba
upon alignment with HPV16R published sequence, variants were identified as

having at least one amino acid difference in the HPV E6 sequence.

Results

A total of 46 cervical wash specimens were analyzed from samples collected
of adolescent females. Of the 46 specimens, HPV E6 DNA sequence wagddetecte
and amplified from 18 samples (39.1%). Of the 18 samples from which we could
amplify a DNA product, 12 samples corresponded to HPV 16R. Of the HPV16 E6
sequences that contained mutations, all corresponded to mutations known of

previously characterized HPV clades.

Sequence variations of the HPV 16 E6 oncogene

In the samples with mutations of the prototype HPV 16E6, a total of twelve
nucleotide point mutations were noted. The HPV E6 nucleotide polymorphisms
observed and their prevalence in this sample population were: a change from T to C

at nucleotide 84 (T84C) (n=1), A131G (n=1), G132T (n=1), C143G (n=1), G145T
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(n=2), C335T (n=2) and T351G (n=4); n total=12 (table V-1). There was one
common nucleotide alteration at position 351, a change from T to G was observed in
4 of the samples tested.

The eleven nucleotide sequence changes observed resulted in 10 amino acid
changes. The HPV E6 amino acid variations observed and their prevalence in this
sample population were: a change from R to G at amino acid 10 (R-10-G) (n=1), R-
10-I (n=1), Q-14-D (n=1), Q-14-H (n=2), H-78-Y (n=2), L-83-V (n=4); n total=11
(table V-2). The L-83-V variants appeared the most frequently, being pre<eat
the 7 samples. Three of the samples (samples 3, 11, and 31) harbored mixed variant
infections (Table V-2). Sample 11 actually contained four variants, and only lacked

the most abundant variant L-83-V detected in all the other four samples.
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Table V-1. Nucleotide comparison of the different HPV 16 E6 gene
polymorphisms. The HPV EG6 nucleotide of the reference is shown. The samples

with nucleotide changes are listed along with the substitute nucleotide.
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HPV 16 E6 open reading frame nucleotide position and polymorphorisms

Nucleotide | 84 131 132 143 145 335 351
position

Reference

sequence| T A G C G C T

nucleotide

Assigned

specimen

number

3 T T G
11 T G T T
16 G
19 G
31 G G
32 C
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TableV-2. Observed HPV E6 amino acid variations. Samples containing the

listed variant are indicated by ‘X’.
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Variant | Variant | Variant | Variant | Variant | Variant
R10G R10I Q14D Ql14H H78Y L83V
Sample 3
X X X
Sample 11
X X X X
Sample 16
X
Sample 19
X
Sample 31
X X
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Discussion

Many studies have shown that individuals infected with HIV often have
increased rates of detectable HPV DNA. 8ual.**° observed that HIV infected
females had higher rates of HPV-16 infections compared to control group of non-
HIV-infected women. Given immune system suppression in HIV-infected women,
there could exist previously uncharacterized HPV E6 variant maintained with the
immunocompromised host. All of the different variants detected in our study (Table
V-2) have also been recognized in non-HIV infected populations and thus, no novel
variants were observed. A consistent confounding issue in our study and other
studies attempting to characterize HPV EG6 variants is sample size. Chattiale
studied analyzed 24 sampl&sand Perez-Galleget al. studied 48 sampl&€ from
HIV infected individuals. Neither of these two studies revealed previously
uncharacterized variants.

In this study, we identified that HIV-infected adolescent females cotade
with HPV16 harbor HPV16 E6 nucleotide sequence polymorphisms. All the
nucleotide polymorphisms detected have been previously reported. A polymorphism
resulting in an amino acid switch constitutes a HPV16 variant. HPV16 lineage
groups or clades have been described to categorize the different HPV16Gyariant
namely African, North American, Asian American, and European. The majority
(four out of six different variants) of the HPV16 variants we observed belonged to
the African clade. The African clade variants were R10l, Q14D, Q14H, and H78Y.

One variant R10G belongs to the European clade and one variant, L83V, belongs to
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the North American clade. The North American clade variant L83V had theshighe
appearance frequency among the different samples; as all except one sample
contained this variant. No variants belonging to the Asian clade were observed in our
samples. We hypothesis the detection of variants belong to the African cthde a
North American clade in our samples is a result of the population in which the
samples were obtained, women living in Birmingham, Alabama. Ethnicity data was
not provided with the samples, however, it is estimated that this area has aasignifi
African American population.
The inability to detect novel HPV variants in our samples suggests two
things. First, the selective pressure against mutations of HPV EG6 renghngven
in immunocompromised individuals. HPV can evade detection and clearance by the
host immune system due to the natural history of HPV; thus the host immuma syste
may not contribute to the pressure against mutations of HPV E6. Alternately, we
could conclude that the rate of HPV E6 mutation is extremely low; so low that it
would not be apparent in a single organism with decreased immunity. HPV is a DNA
virus and the rate of mutations is reduced when compared to RNA viruses. If the rate
of mutations in HPV is low, then the rate of HPV E6 mutations would also be low.
This study using HPV and HIV co-infected women showed high correlation
with a number of other studies that have also shown that HPV EB6 intratypic amino
acid variants can be detected among immuno-competent (HIV negative) HP
infected women. The majority of the E6 amino acid switches detected in our samples

were located at amino acid residues 10, 14 and 83; of the eleven total amino acids
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switches noted, 9 occurred at either residue 10, 14 or 83. These ‘frequently mutated’
residues coincide with finding obtain from work completed by Da Gastiawho
sequenced 628 HPV16 positive anal speciféndf the five different HPV E6
samples harboring variations (samples number 3, 11, 16, 19, 31, table V-I) the L-83-
V variant was present in four of the samples, making it the most prevalert.aQui
also observed the L-83-V variant in 35 of 114 samples from cervical cancer patients
in Sichuan China, the most abundant of the detected vaffants

HPV EB6 variants have been identified by a number of researchers as
appearing in high proportions in progressively more invasive dysplasia. The L-83-V
variant was detected in 4 of our samples. This variant L-83-V was detetted eit
alone or with other HPV E6 sequence variants in 44% of CIN IIl, and 88% of
invasive cervical cancer according to work by Zéfib&ehbeet al. also concluded
that the L-83-V presence may contribute to the progression of CIN | to CéNdlI
invasive cervical canc¥r. Similarly, the L-83-V variant was associated with HPV
infection persistence over HPV clearance when compared to the reference ami
acid leucine at the 83 position in samples obtained from a cohort of French women in
a study by Grodzkét al**®. The L-83-V HPV E6 promoted HPV-induced
transformation over referenéin calcium triggered keratinocyte differentiation
studies®®

Functional studies in which various regions of the HPV EG6 protein were
mutated demonstrated alterations in protein regions containing residues 10 and 78.

Mutations in regions containing residues 10 and 78 have been shown to disrupt
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known transforming biochemical functions of the HPV E6 protein (reviewéd.in
In this present study we identified mutations in residues 10 and 78.

Changes in HPV EG6 regions with biochemical functions may contribute to the
HPV variant being better able to lead to malignancy.di@k even claimed that of
the HPV proteins, sequence polymorphisms contained within HPV E6 DNA are the
most beneficial in predicting progression of dyspf4&ia

By identifying HPV variants associated with aggressive disease, we can the
start to examine what biological processes are altered in that varidmthey/
current strides in genome wide screening, the results of large epidermabkigaies
identifying potential variants associated with increased disease magooparated
into the genome technology for development of new diagnostic and therapeutic
strategies.

A problem with this study was that most of the specimens failed to yield a
PCR product. Of the 46 samples, we were only able to amplify HPV16 E6 DNA
from 18 samples. The initial sample size of 46 was not large, and the number of
samples in which we were able to amplify the DNA for sequencing was small.

Additionally, some studies attempting to link HPV EG6 variants with disease
progression have shown results in contrast to other published works. The obvious
thoughts to explain these differences included issues with sample size and

differences in populations based upon geographical regions

Summary
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Co-infection with HIV is associated with increased rates of HPV mediated
transformation and malignancy development. We predicted that the HPV EG6 in HIV
and HPV co-infected women would harbor novel HPV E6 mutations. To this end, we
analyzed HPV EG6 protein DNA sequences from HPV type 16 and HIV infected
females. We only detected the presence of previously recognized E6 variants,
suggesting that HPV E6 sequence mutations are conserved even among the

immunosuppressed.
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V1. Discussion and Future Directions

HPV infections are common, however, the majority of us never know of our
HPV status, as the majority of HPV infections show no symptoms. Of the caises tha
present as anogenital warts, the greatest issues to combat are often the
psychological/social anxiety and physical nuisances presented just bgskaqe of
the wart. However, in a small subset of the female population in the US and in a
significantly greater number of women worldwide, HPV infections can be life
threatening. Even though HPV has been characterized for some time, our
understanding of the virus’s lifecycle and oncogenic mechanisms needs further
elucidation.

The observations around HPV actions upon the p53 tumor suppressor protein
were groundbreaking, and provided molecular support to observations between HPV
infection and malignancies. However, immortalization and oncogenesiserelat
functions are complex. How HPV leads to malignancies cannot be completely
explained with only the classical carcinogenetic factors such as theeEdRYd p53
association and the HPV E7 and pRb relationshipelall. performed a series of
experiments investigating three known protein partners of HPV E6; E6-AP, p53 and
E6BP. These authors showed that these associations were not sufficientito expla

how HPV E6 to drives immortalization of mouse mammary epithelial*¢ellin
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studying HPV pathogenesis, we sought to further our understanding of HPV E6
protein involvement in HPV oncogenesis.

As with most carcinoma development, one mutation or deleterious event is
not sufficient for carcinogenesis. Several events factor into the developmerni of HP
driven malignancies. Some of the risk factors are age of onset of sexvity},abe
number of sexual encounters, cigarette smoking, and immune suppression. A
person’s immune status and genetic background are also factors. How these non-
viral risk factors contribute to the development of HPV-induced malignanaes a
areas of great debate and research. Nevertheless, the ability of Hf&ftate into
the host genome is an essential characteristic associated with treatgfar
potential. HPV integration promotes persistent HPV E6 expression and HPV EG6 of
high-risk HPV types contribute to HPV-induced malignancies.

HPV EG6 integration resulting in constitutive expression is important in HPV
driven malignancies because the HPV E6 proteins target several proteins tha
promote apoptosis, such as E6AP, Bak* FADD™? c-Myc***** and procaspase
82 HPV EB6 protein also leads to the degradation of PDZ-containing proteins
through HPV E6 protein C terminti3**® PDZ-containing proteins are known to
contribute to cell signaling and cellular adhesion properties. HPV E6 also support
chromosome maintenance through interaction with telomerase reversejptassc
hTERT. Similarly, HPV EG6 binds E6-BP, thereby contributing to cellular

proliferation'>’.
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All these proteins associating with HPV E6 and binding partners of HPV E6
contribute to the prevention of cell senescence and promotion of cell proliferation in
cells expressing HPV E6. Nonetheless, cells can respond to unscheduled
proliferation by inducing apoptosis. NdB expression prevents apoptosis asii--
up-regulation is often seen in malignant cells. ®activation results in
transcription of a variety of genes involved in proliferation, immune and
inflammation responses, and protection against apoptosis; all factors thdiutentri
to tumor formation in keratinocyt&€s’® HPV infection leads to activation of NEB
and thereby circumvents cell apoptotic signals.

In keratinocytes, a regulator of classical NB-pathway activation is the
CYLD protein. CYLD was initially identified when mutations in the protein resll
in a predisposition to multiple, frequently benign, tumors of skin appendadés
CYLD deubiquitinase function inactivates TRAF2 and NEMO. NEMO and TRAF2
are essential players in the signaling complexes leading toB\&etivation (see
Chapter Il and Chapter IV for full review). Inhibition of these substrate€sYdyD

results in NF«B attenuatiof’ *>®(Fig. 1I-1).

In the work presented in this dissertation, we demonstrated that the HPV16
E6 binds CYLD. The degradation of p53 by HPV EG6 is mediated through the
ubiquitin ligase E6AP, so it is not surprising that HPV EG6 interacts with another
ubiquitin-related protein. We propose the HPV16 E6 and CYLD association
activates the canonical NEB pathway in HPV-infected and HPV-transformed cells

by interfering with CYLD, potentially through HPV enhanced phosphorylation of
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CYLD, and preventing CYLD from suppressing NB-activation. Alternatively,
HPV E6 could block CYLD/TRAF2 association, or HPV E6 could block
CYLD/NEMO association. Ultimately, this is important because the H&PV
E6/CYLD interaction provides a molecular explanation to the observed HPV

induced activation of NkB. HPV EG6 driven inhibition of CYLD-mediated

suppression of NiB activation appears to be a p53 independent function of HPV

E6.

A recurring observation is that low risk HPV EG6 proteins exhibit decreased
binding affinities to a number of binding partners of high-risk HPV EB6, such as the
proteins listed abov&’. In this study the HPV E6 protein from the low-risk HPV
type 11 was able to bind CYLD. Consistent with other studies comparing high-risk
E6 to low-risk HPV E6, HPV11 E6 lacked the ability in our assays to mediate
suppression of CYLD biochemical activities, including suppressing CYLD-neetliat

NF-kB inhibition and TRAF2 loss (Fig. llI-1b and Fig. IV-1c, respectively).

After we determined that HPV16 E6 would activate dB-expression, we
worked to identify the underlying molecular mechanism. We demonstrated that
CYLD leads to loss of TRAF2 protein. It had previously been reported that CYLD
deubiquitinated TRAF proteifisand our results indicate a possible consequence to
TRAF2 deubiquitination. In our study, we demonstrated the ability of HPV16 E6 to

protect TRAF2 from CYLD-mediated degradation. HPV16 E6’s capacity tegirot
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TRAF2 from CYLD-mediated degradation, further solidifies a moleculas lbas
HPV-induced NF<B activation.

We have shown that HPV E6 proteins binding to CYLD leads to HPV-
mediated activation of the NEB pathway and identified TRAF2 loss as a
consequence of the CYLD and HPV16 E6 interaction. Correlating our data with the
findings of others, we are able to construct a model for how HPV E6 mediates NF-
kB canonical pathway activation (Fig VI-1). HPV16 E6 binds the CYLD protein.
The HPV16 E6 and CYLD association prevents CYLD-mediated inactivation of
TRAF2 and NEMO. This is possibly accomplished by preventing CYLD-mediated
deubiquitination of TRAF2 and NEMO. Activate TRAF2 and NEMO stimulates
assembly and activation of the IKK complex. The active IKK complex tesuNF-
kB translocation (compare Fig. VI-1 and Fig. 1I-1). Figure VI-1 illussatar model
of how attenuation of CYLD activity by E6:CYLD complex formation underlies
HPV-mediated activation of NkB in HPV-infected and HPV-transformed cells.

HPV transformed cells are dependent upon HPV E6 expression for
continuous activation of NkB resulting in apoptosis resistance. NB-expression
is essential to a number of cancers, including colon, hepatocellar, cervicahaad s
head and neck cancers. In colon and hepatocellular carcinoma cell lines the CYLD
protein is down regulated or lost stimulating constitutivedFactivity that results
in proliferation of these cell liné¥". CYLD silencing promotes increased NB-
activation and increased apoptosis resistdriteNe showed increased CYLD

MRNA levels in HPV infected and transformed cell lines when compared to non-
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transformed and transfected cell line (Fig. 111-5). One hypothesis ishibse
cervical cancer cells are up-regulating CYLD suppressor proteinltcee
continuous NF¢B; however, the continuous expression of HPV16 E6 prevents
CYLD-mediated inhibition of NReB activation, thereby stimulating NE&B

transcriptional activity, and resulting in the forging of apoptosis resistance

Work by Anet al.*®* studying hypoxia-induced NkB pathway activation
identified that HPV transformed cell line exhibited NB-activation; and
subsequently, identified that silencing high risk HPV E6 resulted in inhibition of NF-
kB activation under hypoxia-induced conditions. Furthermore, these researchers
demonstrated that under hypoxic conditions, HPV E6-mediated activation ioBNF-
was dependent upon CYLD. They proposed a model were HPV E6-mediated
ubiquitination of CYLD inhibits CYLD suppression of NéB activation. These
listed experimental observations by étral. support our observations that HPV16
E6 association with CYLD leads to abatement of CYLD-mediatedkBlBetivation.
Our data showed that the HPV16-E6/CYLD association modulates CYLD's affects
upon TRAF2 and suggest a role for HPV E6-mediated phosphorylation in CYLD
regulation. Aret al. also observed that HPV E6 expression reduced CYLD levels
and suggested that HPV E6-mediated reduction of CYLD happened in proteasomal-
dependent mechanism leading to degradation of CYLD. In our co-expression assay,

we observed that HPV E6 expression did not reduce CYLD. Instead, we observed
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that the presence of HPV16 EG6 lead to an increase in CYLD protein levels (Fig. IV

5).
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Figure VI-1. Schematic showing HPV 16 E6 involvement in NF-kB signaling

pathway. This schematic displays a working model for HPV16 E6 involvement in
NF-«xB activation. HPV16 E6 binds CYLD. CYLD associated with HPV16 EG6 is
unable to deubiquitinate activated TRAF2 and NEMO. Ubiquitinated TRAF2
activates IKK. Active IKK leads to phosphorylation-mediated proteasomal
degradation ofdB. NF«B (p56/p50), no longer bound byB, is free to translocate
into the nucleus. Overall, in the presence of HPV16 E6, CYLD is bound and unable

to inhibit NF«B pathway activation.
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Therapeutic potential of NF-xB inhibitors

NF-kB activation has a major role in our current understanding of the
multiple triggers required for progression to cancer.dBHunctions as a
transcription factor that up-regulates factors responsible for agtitdéferation.

Thus, inhibition of NF<B could be used as a means to inhibit tumorigenesis. Given
the fact that HPV needs actively replicating cell for viral replicatidaxiB

attenuation could be used to stop viral replication. Work in our lab has preliminarily
shown that blocking NkB leads to cell death in HPV-transformed cells (data not
shown).

NF-xB is also a regulator of inflammatory responses. Inflammation enhances
pathogenesis of many canc8fsChronic inflammation has been recognized as a
hallmark indicator of tumorigenesf8°2 particularly in epithelial derived tumdfg
cervical intraepithelial neoplasf4, and cervical cancEY. Chronic HPV infections
are often observed in tandem with chronic inflammation. One reason for this
correlation could be that HPV reduces CYLD-mediated suppression @BNF-
activation, thereby up-regulating NéB and the inflammatory genes controlled by
NF-kB transcription. We hypothesize that the persistenkRFctivation caused by
E6-mediated inhibition of CYLD advances carcinogenesis in HPV-infectégel
enhancing epithelial inflammation. Improved understanding of the role of chronic
inflammation in the development of HPV driven tumorigenesis is required before we

can begin to fully appreciate the power of the HPV E6 and CYLD interaction.
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A future product of this work could be the creation of therapeutics designed
to reduce NFReB activation. A rational strategy would be to interfere with activation
of IKK, since IKK-oa. and IKK are highly specific for phosphorylation of proteins
required for NF«B activation, thus inhibitors of IKK could be effective against

cancer and inflammatory disea%es

HPV and HIV infection in patients

Patients with decreased cytotoxic T-lymphocyte mediated responses are at a
high risk of symptomatic and persistent HPV infectfdf®> Sunet al. reported that
HIV positive women have higher rates of persistent HPV16 infections than non-HIV
infected wometf®. Regression of HPV-mediated transformation is greatest with
higher functioning CD4+T cells. The degree of HPV persistence cogeléte CD4
T cell leveld®

We hypothesized that women co-infected with HPV and HIV would exhibit
greater genetic variability in the HPV E6 open reading frame than Hiflevtéed
women without a co-infection with HIV. HIV infected women with immune
suppression have reduced HPV viral clearance and may have HPV E6 variants not
detectable in women with normal immunity. We found HPV16 polymorphisms
within the samples from which we were able to detect and sequence HPV E6 open
reading frames. We did not find HPV E6 variants that have not been previously

characterized in non-HIV infected populations.
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Some of the HPV EG6 variants detected in our investigations, even though
they are not novel, may be worth further study because other researchers have
observed correlations between these HPV E6 variants and progression of HPV
infections to CIN IIl and cancer. This is important because the HIV-neetiat
immunocompromised women already are at greater risk of CIN pragndsstause
of reduced clearance of HPY. The combination of reduced HPV clearance due to
being HIV positive and infection with a more virulent HPV E6 variant could be

sufficient for aggressive carcinoma development.
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Future Directions
This dissertation provides a foundation for future studies of how HPV-

infected and HPV-transformed cells activate thedipathway.

Deter mining the molecular mechanism behind HPV-mediated activation of NF-

kB

Identification of binding domains for both HPV E6 and CYLD could start to
elucidate the nature of the interaction and the biochemical consequences of the
association. The zinc finger motifs on HPV E6 and the CAP-gly domains on CYLD
are potential candidates as these areas are previously characterizad asdmntial
for noted molecular function with other substrates. To confirm further that a
particular domain of CYLD is sufficient to bind HPV EB6, truncations of CYLD

could be assayed for binding ability to HPV EB6.

To better understand the HPV E6 and CYLD association, we could create
truncations of CYLD and CYLD mutants with point mutations in CYLD’s NEMO
binding site, TRAF2 binding site and in the deubiquitinase activity domain of
CYLD. These CYLD mutants would be used in our dual luciferase assay to measure
NF-xB activity in the absence and presence of HPV EG6 (the dual luciferase assay
was previously described in chapter Ill). This study would assist in fud#iing

the HPV E6 and CYLD association in N\dB modulation.
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CYLD expression in 293T cells resulted in the loss of TRAF2. Further work
needs to be completed delineating the cellular mechanism underlying CYLD-
mediated TRAF2 loss and rescue by HPV16 E6. CYLD binds TRAF2 normally and
deubiquitinates TRAF2. We can determine if HPV EG6 interferes with the binding of
CYLD to TRAF2. Using a co-immunoprecipitation assay, we can determine if t
binding of CYLD to TRAF2 in is altered in presence the HPV E6. Measuring CYLD
binding affinity for TRAF2 in the presence of HPV EG6 will help to understand if the
binding of HPV E6 contributes to a physical blocking of the TRAF2 binding site on

CYLD.

It will also be important to study the role of HPV E6 on the non-classical NF-
kB signaling pathway. This would be done by defining the importance of the HPV
E6 and Bcl-3 interaction. Bcl-3 is deubiquitinated by CYLD. Ubiquitinated Bcl-3
mediates processing of NF-kB1 and NF-kB2. Processing of NF-kB1 and NFSkB2 i
required for Bcl-3 activation of NkB heterdimers Bcl-3/p52 and Bcl-3/p52 (see

Table II-1 and Chapter II for review).

HPV in the HIV positive women, what now?

We would like to further examine this notion that HIV infected women
harbor greater genetic diversity of the HPV E6 sequence. Our sample sileewva
so this study should be repeated with a larger cohort of women. The conclusion of

this larger study could mirror our current finding of no observed increase antsri
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among the HIV positive and negative HPV-infected women. We would then start to
explore other factors that contribute to increased prevalence and peesdtétiRV
in HIV patients.

There exist a number of recognized HPV 16E6 intratypic variants (varying
about 2% from designated reference sequences). These intratypic variants have
different abilities to modulate HPV E6-mediated actions; resulting ied/&tPV E6
oncogenic potentiat**®Furthermore, Stopplet al. expressed variant HPV E6
proteins and p53 for binding studies, and showed that the variants with alterations in
the amino terminus of HPV E6, when compared to the reference HPV E6, sequence
had different binding affinities for p%%. The amassing of variant data is essential to
finding any genetic sequence differences that correlate with cenvicapithelial
neoplasia (CIN) and CIN progression to cervical carcinoma.

In an effort to correlate HPV-16 E6 sequence variations with the carcinogenic
potential of that variant, we could follow the clinical outcomes of women harboring
each variant to see if we can correlate the presence of a particudaut wargroup of
variants with the progression of CIN | to CIN Ill and cervical cancer. gelar

collaborative project would be necessary.
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